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The principal aims of this research were to evaluate: (i) the applicability of animal-feeding 
experiments and their associated mathematical models to the field of palaeodietary 
reconstruction, and (ii) the level of novel dietary information which can be inferred about 
ancient diet utilising a multi-proxy stable isotope approach. This multi-proxy stable isotope 
approach comprised 813C determinations of bulk bone components (collagen and apatite) 
and individual bone compounds (cholesterol and collagen amino acids), and 815N 
determinations of bulk collagen. The applicability and accuracy of mathematical models 
derived from three animal-feeding experiments, based on mice, rats and pigs (Equations 
4.1 - 4. 21) were examined via their application to four archaeological groups (A - D). 
Groups A - D comprised humans (n = 90), and terrestrial (n = 25) and marine fauna 
(n = 10), from various geographical regions of differing isotopic character. Four of the 
models, constructed to predict long (via bone apatite) and short-term whole diet 813C 
values (via bone cholesterol), were constructed during this research via the results of an 
isotopically-controlled feeding experiment using pigs. Both the quantitative and qualitative 
mathematical models derived from bone collagen, apatite and cholesterol 813C values 
were shown to predict plausible results and afford interesting insights into archaeological 
dietary component 813C values. However, both the dietary and bone component models 
constructed via rat bone collagen amino acid 813C values typically produced erroneous 
results, possibly resulting from inter-specific protein metabolism differences and 
differences in the qualitative and quantitative composition of the experimental and 
archaeological diets. 
The utility of the multi-proxy stable isotope approach was subsequently assessed by 
evaluating the level of novel dietary information obtainable from two archaeological 
investigations, namely: (i) the dietary habits of the Saxon population of Sedgeford, 
Norfolk, UK, who inhabited an isotopically-uncomplicated C3 coastal region, and (ii) 
Holocene hunter-gatherer diet in the Cape region of South Africa, which represents an 
isotopically-complex mixed C-jC4 coastal region. Although novel insights into the dietary 
habits of Saxon males, females and juveniles were gleaned from this multi-proxy stable 
isotope approach, the considerable errors associated with bone collagen amino acid 813C 
determinations challenged dietary interpretations. The multi-proxy stable isotope approach 
produced more sensitive palaeodietary insights in the latter investigation, where a novel 
marine dietary indicator was identified in the form of A 13CGIYCine_Phenytalanine values, which 
were shown to distinguish between humans consuming terrestrial (4.9 ± 1.8%0) and 
marine-based diets (12.2 ± 1.8%0), and were also shown to correlate strongly with human 
bone collagen 815N values (R2 = 0.81). Hence, it was concluded that the multi-proxy stable 
isotope approach, when applied to mixed C-jC4 regions shows more potential than in 
exclusively C3 regions. 
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Chapter 1 Introduction 
1.1 Stable isotope analysis in palaeodietary reconstruction 
The seminal investigations into the stable isotopic composition of human bone collagen 
were performed in the 1970s (Vogel and van der Merwe, 1977; van der Merwe, 1978; 
Sullivan and Krueger, 1981), a decade which also witnessed rapid advances in the field 
which is today the focal point of palaeodietary reconstruction. The biological principle that 
"you are what you eat" was the rationale behind early stable isotope applications, as 
scientists hypothesised that the isotopic composition (Le. ratio of 13C/12C and 15N/14N) of 
an organisml's tissues necessarily reflected that of their diet. Simply put, the dietary 
carbon and nitrogen which an individual ingests and assimilates is the carbon and 
nitrogen which is available for their tissue synthesis. 
1.2 Stable isotopes in nature 
Carbon has three isotopic forms: 12C, 13C and 14C, of which the latter degrades 
radioactively over time. The stable isotopes 12C and 13C have approximate natural 
abundances of 98.89% and 1.11 %, respectively. Nitrogen exists in two isotopic forms, of 
which 99.63% is comprised of 14N and 0.37% is comprised of 15N. However, stable isotope 
ratios of carbon and nitrogen vary between organisms due to isotopic fractionation by 
incorporation into living systems, and by associated chemical, physical and biological 
processes. Variation in carbon and nitrogen ratios in the environment is observed 
between different pools, Le. the atmosphere, the oceans, plant and organism communities 
and food webs. In biological materials this variation is relatively small (from 1.075 to 1.100 
atom percent for carbon in terrestrial biomes), and it is more practical to express the 13C 
and 15N composition of a material relative to international standards, where 
measurements are expressed in parts per thousand or per mil (%0). As a result, the delta 
(0) notation was adopted to express the relative difference between the isotopic 
composition of the standard and the sample (McKinney et aI., 1950). Thus, stable isotope 
ratios (R) are expressed as follows (Craig, 1957): 
oX (%0) = [ (RsamPle / Rstandard) - 1] x 103 Equation 1.1 
where X is either 13C or 15N, and R is either 13C/12C or 15N/14N. Carbon and nitrogen 
isotope measurements are expressed relative to Pee Dee Belemnite (PDB) and Ambient 
Inhalable Reservoir (AIR), respectively, where 013CPDB and 015NAIR are assigned the value 
of 0%0. As the original PDB standard no longer exists, other standard materials which 
have been calibrated relative to PDB are now used. Samples with positive 013C/015N 
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values are described as 'enriched' relative to the standard and samples with negative 
values are 'depleted' relative to the standard. 
1.2.1 Isotopic fractionation 
Kinetic isotope effects originate in the nature of vibrational energy levels of bonds; bonds 
involving heavier isotopes have a higher potential energy, resulting in stronger bonds 
being formed and this can result in different reaction rates for reactions of different 
isotopic species. A primary isotope effect is the most common and involves the breaking 
of a carbon bond in the rate-determining step of a reaction, where 13C may be present at 
either end. If a carbon bond is not broken at the rate-determining step then a primary 
isotope effect will not occur. An isotope effect will only be expressed in the S13C value of a 
reaction product if there is incomplete conversion of the reactant containing the carbon 
bond involved in the rate-determining step (Rieley, 1994). All physical and biochemical 
reactions and processes are subject to isotopic fractionation and differences in 
fractionation during these processes result in different foods having distinct isotopic 
signatures which can be distinguished using stable isotope analysis. Thus, the range of 
S13C values obtained for organic and inorganic materials across the natural isotope range 
for carbon is approximately 50%0 (see Figure 1.1). 
1.2.2 Variation of B13C values in biological systems 
Plants are less enriched relative to atmospheric CO2, which is a consequence of carbon 
isotopic discrimination against 13C associated with the diffusion of carbon dioxide through 
their stomata (Park and Epstein, 1960; Farquhar et aI., 1989b). This isotopic 
discrimination occurs during the primary enzymatic fixation in photosynthesis which can 
follow three different pathways, resulting in three classes of higher plants, namely, C3 
(Calvin-Benson pathway), C4 (Hatch-Slack pathway) and crassulacean acid metabolism 
(CAM; Deines, 1980; O'Leary, 1981). The former 3 and 4 notations represent the number 
of carbon atoms contained in the initial metabolites formed after CO2 fixation. C3 plants 
convert CO2 from the air into two molecules of 3-phosphoglycerate in the initial step via 
the enzyme ribulose 1,5-biphosphate carboxylase/oxygenase (RuBisCO), resulting in an 
isotopiC discrimination against the incorporation of 13C02 by ca. +26.5%0 (O'Leary, 1981). 
Plants following the C3 pathway exhibit S13C values ranging from -20%0 to -35%0, with a 
mean value of -26.5%0 (Boutton, 1991a). The C3 plant community includes most flowering 
plants, trees and shrubs, and temperate zone grasses such as wheat, barley and rice. 
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Photosynthesis in C4 plants occurs via the initial conversion of CO2 into oxaloacetate (a 4 
carbon-containing compound) by the enzyme phosphoenolpyruvate carboxylase (PEPC), 
which is then decarboxylated and refixed by RuBisCO. PEPC utilises the bicarbonate ion 
(HC03-), hence the overall fractionation by PEPC involves both hydration of CO2 (ca. -8%0) 
and fractionation associated with carboxylation (ca. +2.2%0), producing an overall 
fractionation of ca. 5.8%0 (Gillon et aI., 1998). There is leakage of CO2 associated with 
decarboxylation and refixation, which results in the expression of a minor amount of the 
expected 13C discrimination for RuBisCO (O'Leary, 1981). Plants following the C4 pathway 
exhibit S13C values ranging from -9%0 to -16%0, with a mean value of -12.5%0 (Boutton, 
1991a). The C4 plant community is common to arid and tropical regions, and includes 
maize, sorghum, millet and sugar cane. The third pathway, CAM, has little effect on 
dietary reconstruction, since it occurs mainly in inedible succulents such as cacti. CAM 
plants tend to grow in arid and desert conditions and have diurnal processes of 
acidification and deacidification (Mooney et aI., 1989; Muzuka, 1999). Plants following the 
CAM pathway exhibit 613C values ranging from -9%0 to -19%0, with a mean value of -17%0 
(Deines, 1980). 
In marine ecosystems photosynthesis follows the C3 pathway (Chisholm et aI., 1982), 
although the isotopic compositions of marine photosynthetic organisms are substantially 
more enriched than C3 plants, ranging between -11%0 and -39%0 (Farquhar et aI., 1989a). 
The cause of this enrichment may be in the use of bicarbonate (HC03-, S13C 0%0) rather 
than atmospheric CO2 (S13C -7.8%0) as a carbon source in marine plants. Approximately 
95% of the dissolved inorganic carbon in the oceans is comprised of bicarbonates, 5% is 
comprised of carbonates (COl-), while the relatively 13C-depleted dissolved CO2 
constitutes < 1 %. Since marine phytoplankton fractionate carbon to approximately the 
same degree as C3 plants, i.e. by approximately 19%0 relative to their carbon source, the 
ca. 7.8%0 difference is maintained and registered in marine phytoplankton. 
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Figure 1.1. The 813C values of a range of natural materials spanning the isotope range for carbon, 
reproduced from Meier-Augenstein (1999a). 
1.2.3 Variation of a15N values in biological systems 
The international standard for nitrogen isotope analysis (AIR) is defined as 0%0, however, 
the observed c515N value for atmospheric N2 is actually 1.6 ± 1.4%0 and is comparatively 
globally stable (Owens, 1987). 
The critical nitrogen source in food webs is atmospheric N2 which exhibits a globally 
uniform value and is depleted in 15N relative to the majority of natural substances. Plants 
acquire virtually all of their nitrogen from soil inorganic ammonium (NH4 +) and nitrates 
(N03'), or via symbiosis with atmospheric N2-fixing bacteria (DeNiro and Schoen inger, 
1983; Ambrose, 1991; de Beaune and White, 1993). Non-leguminous plants derive their 
nitrogen from the soil, whilst leguminous plants may derive their nitrogen both from the 
soil and from the atmosphere via symbiosis with Nrfixing bacteria. Plant c515N values 
largely reflect source c515N values because there is only slight nitrogen fractionation 
associated with both the absorption of nitrate by plants and the fixation of atmospheric N2 
by bacteria (Delwiche and Steyn, 1970). Hence, non-N2-fixing plants are typically more 
15N enriched (c515N ca.3%o) compared to N2-fixers (c515N ca. 1%0). A considerable amount of 
inter-habitat variation has been observed in plant c515N values, from +2.0 to 6.3%0 for N2-
fixers and +3.0 to +13.0%0 for other plants between sites in the Sonoran Desert (Shearer 
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et aI., 1983), to +2.7 to 12.3%0 in collection sites in South Africa (Heaton, 1987). In South 
Africa, a correlation has been observed between enriched plant 815N values and saline 
soils and arid and coastal marine environments, although in the latter case this perhaps 
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Figure 1.2. Trophic level enrichment in marine ecosystems, adapted from Richards and Hedges 
(1999): mean 815N values of modern and archaeological marine fauna. Fish (A) are planktivores, 
Fish (B) are opportunistic consumers, and Fish (C) are piscivores. Whales (A) are plankton and 
mollusc consumers and Whales (B) primarily consume piscivores. Black and white diamonds 
denote flesh and bone collagen 015N values, respectively. 
Marine plants acquire their nitrogen as dissolved ammonium and nitrate in the oceans. 
Oceanic nitrate (ca. +5 to +10%0) is more 15N-enriched than atmospheric nitrogen 
(ca. +1.4%0), hence marine plants are typically enriched compared to terrestrial plants by 
ca. 4%0 (Schoeninger and DeNiro, 1984; Heaton, 1987). Marine algae, phytoplankton and 
seaweed exhibit mean 015N values of +7%0 (Schoeninger and DeNiro, 1984), while 
planktivorous organisms are relatively enriched to these food sources by ca. 3%0. Because 
of the considerable number of trophic levels present in marine ecosystems, and the 
approximate 3%0 shift between each trophic level, 015N determinations are useful in 
attributing trophic level position to marine species, as can be seen in Figure 1.2. However, 
geographical variations have been observed with respect to marine plant 015N values. A 
considerable range of 13%0 (+6%0 to +19%0) in dissolved nitrate 015N values has been 
reported to occur in the Pacific Ocean alone (Kennedy and Krouse, 1990). 
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1.3 Measurement of isotopic composition 
Stable isotope values of bulk organic samples are determined via elemental analyser-
isotope ratio mass spectrometry (IRMS), and individual organic compounds are 
determined via gas chromatography-combustion-IRMS (GC-C-IRMS). 
1.3.1 Isotope ratio mass spectrometry 
The majority of isotope measurements to date have been determined on bulk tissues via 
isotope ratio mass spectrometry (IRMS). Prior to analysis the analyte of interest must be 
isolated from the sample matrix and converted to a stable gas (Boutton, 1991b). Thus, 
carbon C3C/12C) is measured as CO2 , which is purified cryogenically prior to introduction 
to the mass spectrometer. The CO2 is then introduced into the ion source under extremely 
high pressure and is ionised to a beam of positive ions. An accelerating potential propels 
the positive ions through a magnetic field, which deflects the ions according to their mass 
to charge (m/z) ratios. Three CO2 isotopomers, m/z 44 C2C160 2), 45 C3C160 2 ) and 46 
C2C180160), are measured, each striking separate Faraday cups collectors. The 13C/12C 
ratio is calculated from a combination of mass 45144 and mass 46/44 ratios. The resulting 
ion currents are continually monitored, digitised and conveyed to computer. In recent 
years the coupling of an elemental analyser (EA) to the IRMS has decreased sample size 
requirements from approximately 20 mg (McKinney et aI., 1950) to microgram amounts 
(Brand, 1996). A schematic of a Carlo-Erba NC2500 elemental analyser coupled to an 
IRMS instrument is presented in Figure 1.3. In EA-IRMS samples for 813C analysis are 
placed in tin capsules and arranged in an automatated carousel system which drops the 
sample into a CuO combustion reactor. Combustion proceeds in an oxygenated helium 
atmosphere and the resultant CO2 then enters a reduction furnace to convert nitrous 
oxides to N2• Water is removed (to prevent production of HC02+ ions of mlz 45) via drying 
tubing and the CO2 gas is separated chromatographically prior to introduction to the 
IRMS. 
1.3.2 Gas chromatography-combustion-IRMS 
In the IRMS technique, described in Section 1.3.1, isotope determinations are performed 
on bulk organic materials which comprise many individual compounds each with a unique 
isotope composition; thus, results are a weighted average of all constituent compounds. 
Consequently, isotopic trends of particular compound classes may be obscured. The 
coupling of capillary GC to IRMS, a technique first described in 1978, enables the 
separation of individual compounds and high-precision compound-specific isotope 
measurements (Matthews and Hayes, 1978; Hayes et aI., 1990). As a GC cannot be 
directly coupled to an IRMS, the technique known as GC-combustion-IRMS (GC-C-IRMS) 
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was developed, where the GC effluent is directed through a combustion reactor (CuO/Pt, 
850°C) yielding CO2, H20 and a variety of nitrogen-containing compounds (Brand, 1996; 
Ellis and Fincannon, 1998). The metal oxide acts as an oxygen source and the Pt as a 
catalyst. H20 is removed with a hydroscopic Nafion ™ membrane (Leckrone and Hayes, 
1997) and the CO2 is introduced to the ion source. If nitrogen-containing compounds are 
being measured N20 may be produced during combustion, yielding ions of m/z 44 and 45 
which could interfere with the CO2 isotope ratio measurement. The addition of a post-
combustion reduction furnace (Cu, 600°C) reduces the nitrogen oxides to N2 (Brand, 
1996). A schematic of the GC-C-IRMS instrumentation utilised in this research is 
illustrated in Figure 1.4. The theoretical and practical background to GC-C-IRMS analyses 

















Figure 1.3. Schematic of the EA-IRMS system, from Docherty (2002). 
For stable carbon isotope analysis, three ion currents, measured at m/z 44, 45 and 46, are 
presented in the form of two traces: (i) a trace which displays the ion at m/z 44 as a 
function of time, and (ii) a trace which displays the instantaneous ratios of m/z 44 and 45 
ion currents. An S-shaped curve is observed in the 45/44 trace because the 13C 
isotopomer precedes the 12C isotopomer by 50 - 100 ms (Habfast, 1991). Figure 1.5(a) 
and (b) shows the upper and lower GC-C-IRMS traces of pig bone cholesterol (as 
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Figure 1.5. Partial GC/C/IRMS trace of: (a) pig bone cholesterol analysed as its TMS ether, and (b) bone collagen amino 
acids analysed as TFAlIP esters, from a Saxon human femur (S0052) from Sedgeford, Norfolk. The lower chromatograms 
represent the instantaneous ratio of the m/z 45/44 ions, while the upper chromatograms represent the m/z 44 ion current. 
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Chapter 1 Introduction 
1.4 Development of stable isotopes in palaeodietary reconstruction 
The application of bone collagen stable isotope analysis to palaeodietary reconstruction 
began in the 1970s, and bone apatite 813C analysis began subsequently in the 1980s. The 
application of stable isotope analysis to palaeodietary reconstruction has been extensively 
reviewed by many authors (van der Merwe, 1982; DeNiro, 1987; Price, 1989; 
Schoeninger, 1989; Vainshtein et aI., 1992; Koch et aI., 1994). The biochemical basis for 
the technique is that the isotopic composition of consumer tissues (bone, hair, teeth, 
blood, breadth, etc.) reflects that of their diet. In 1978 it was successfully demonstrated 
that bone collagen &13C determinations could be utilised in estimating the fractions of 
human diets derived from C3 and C4 plants (Burleigh, 1978). The distinguishable carbon 
isotope signals of temperate C3 grasses and shrubs, and tropical C4 grasses and cereals 
(differing by approximately 14%O) was soon exploited to establish the period of introduction 
and intensification of maize (C4) cultivation into Meso-America (Farnsworth et aI., 1985), 
South America (Burleigh, 1978) and South Africa (Lee-Thorp et aI., 1989). Stable isotope 
analysis has also been utilised extensively in distinguishing between marine and terrestrial 
diets, exploiting the enriched bone collagen 513C and 515N values exhibited in marine diet 
consumers. (Tauber, 1981; Schoeninger et aI., 1983a, b; Schoeninger and DeNiro, 1984). 
However, bone collagen 813C values cannot be applied to the estimation of marine food 
consumption in regions where C4 grasses are present because the isotopic difference 
between average marine (-17%0) and C4 terrestrial 813C values (-12.5%0) is not substantial 
enough (Sealy, 1997). 
In the 1990s the commercial availability of GC-C-IRMS instigated a high precision 
compound-specific approach to palaeodietary reconstruction (Evershed et aI., 1994). 
Since preliminary investigations into the preservation of lipids in archaeological human 
bone (Evershed et aI., 1995), research has sought to establish the technique of bone 
cholesterol 013C analysis as a complementary palaeodietary tool to collagen and apatite 
analysis (Stott et aI., 1995; Stott and Evershed, 1996; Stott et aI., 1997a; Stott et aI., 
1997b; Stott et aI., 1999). GC-C-IRMS has been utilised in 513C determinations of 
cholesterol from archaeological and modern bone (Stott and Evershed, 1996), and bones 
from control-fed laboratory pigs (Stott et aI., 1997a) and rats (Jim et aI., 2002). In an 
isotopic diet-switch experiment using rats, the rapid turnover rate observed in bone 
cholesterol when compared to collagen and apatite, indicated that bone cholesterol 813C 
values may be useful for probing temporal dietary changes and provide insights into 
migratory patterns or subsistence changes in archaeological populations. (Jim et aI., 
2002). GC-C-IRMS has also been used to measure 813C values of archaeological bone 
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collagen amino acids. One of the earliest investigations demonstrated that trophic shifts 
were visible in amino acid cS13C values between plants, herbivores and hunter-gatherers 
(Fogel et aI., 1997). More recently, the dietary isotope signal of bone collagen amino acids 
was assessed via a rat-feeding experiment, which was performed to determine the dietary 
carbon utilised in bone collagen synthesis (Jones, 2002). 
1.5 The dietary signal of bone tissues 
In order to understand the carbon isotope signal of a particular bone component, it is 
essential to have an understanding of: (i) the source carbon used for its synthesis, and (ii) 
isotopic fractionation associated with either its de novo synthesis or direct assimilation 
from the diet. Bone is composed of both an organic and inorganic phase of which the 
organic matrix has several different phases and each of these phases has a unique 
biosynthetic pathway with a unique relationship to the carbon or nitrogen in the diet. 
1.5.1 The chemistry of bone 
Bone is a highly specialized and dynamic form of connective tissue with important 
structural and physiological functions. It is distinguished from other connective tissue 
types in its characteristic hardness due to the deposition of a complex mineral component 
(apatite) within a relatively soft organic matrix (collagen). A schematic diagram of the 
structural organisation of bone, reproduced from Rho (1998), is presented in Figure 1.6. 
Research into the chemical composition of bovine bone has shown that the mineral and 
organic phases are present in dried compact bone in an approximate ratio of 3: 1. Of the 
22.8% organic fraction, collagen constitutes approximately 90%, lipids 0.4% and the 
remainder is comprised of non-collagenous proteins, glycosaminoglycans and 
glycoproteins (Herring, 1972). 
1.5.1.1 Collagen 
Collagen is present in all multicellular animals and is the most abundant protein occurring 
in vertebrates (Voet and Voet, 1995). In humans collagen constitutes approximately 30% 
of total bodily protein (Coffee, 1999). It is an extracellular protein arranged into insoluble 
fibres of immense tensile strength, essential to its role as the primary load-bearing 
component of most connective tissues such as bone, cartilage, ligaments and teeth, and 
also the fibrous matrices of blood vessels and skin. Collagen is composed of three parallel 
peptide chains, known as a-chains, which coil around each other in a rope-like triple-
helical structure. Different types of collagen have different combinations of a-chains 
(Miller, 1976), and thus collagen has been classified into four major types. Type I collagen 
is found mostly in bone and skin, Type II in cartilage, Type III in arterial walls and Type IV 
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in basement membranes (Coffee, 1999). Type I collagen constitutes approximately 90% 
of collagen in the body. Collagen has a characteristic amino acid composition : almost one-
third of its residues are glycine and between 15 - 30% are proline and 4-hydroxyproline. 
Thus, the amino acid sequence of the a-chains is characterized by a repeating tripeptide 
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Figure 1.6. Schematic diagram of the structural organisation of bone, reproduced from Rho (1998). 
1.5.1.2 Apatite 
Biological apatite is the tough inorganic mineral found in bone, tooth dentin and enamel. 
Although its chemical composition is ill-defined, apatite is largely a non-stoichiometric, 
carbonate-containing analogue of hydroxyapatite (Ca)1O(P04)s(OHh (Sillen, 1989). 
Carbonate comprises between 2 - 5% of the structure, substituting at both hydroxyl and 
phosphate lattice sites (LeGeros, 1981; Sillen et aI., 1989). In addition to lattice-bound, 
structural carbonate, apatite can also contain carbonate in hydration layers and in 
amorphous zones near crystal surfaces (Koch et aI., 1997). These carbonate ions are 
incorporated into the apatite structure from dissolved bicarbonate in body fluids during 
crystal growth. 
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1.5.1.3 Lipids 
In the earliest investigation of the lipid composition of bone, triacylglycerols, cholesterol 
fatty acyl esters, free cholesterol and trace abundances of phospholipids were identified 
(Leach, 1958). The average relative abundances of bone non-polar lipids are: 
triacylglycerols (25.7%), diacylglycerols (1.0%), free fatty acids (31.2%), sterols (15.1%) 
and esterified sterols (27.0%). In an investigation of modern pig bone a predominance of 
triacylglycerols has been observed, with free fatty acids (C14:0, C16:0, C16:1, C18:0, C18:1 and 
C18:2) and cholesterol occurring as minor components (Stott et aI., 1997a). 
1.5.2 Dietary isotope signal of bulk bone components 
In this thesis the term "dietary components" denotes the lipid, carbohydrate and protein 
components of the diet. The symbol 11 is used to express the isotopic difference between 
two components; for example, the difference between whole diet and bone cholesterol 
c)13C values is expressed as 1113Cwholediet-Bonecholesterol. 
1.5.2.1 Collagen 613C values 
The dietary signal of bone collagen c)13C values has been the subject of much debate and 
experimental investigation (DeNiro and Epstein, 1978; van der Merwe, 1982; Krueger and 
Sullivan, 1984; Lee-Thorp et aI., 1989; Schwarcz, 1991; de Beaune and White, 1993). 
Central to this debate is whether dietary proteins are preferentially routed for bone 
collagen synthesis (the Routing Model) or whether carbon from the catabolism of the 
whole diet (Le. dietary protein, lipids and carbohydrates) is scrambled for collagen 
synthesis (the Scrambling Model). If routing of dietary protein were the case then the 
dietary Signal of collagen would under-reflect the energy components of the diet. The first 
investigation into the routing of dietary components to bone collagen, which utilised wild 
herbivores, carnivores and herbivores with well-characterised diets (Krueger and Sullivan, 
1984), seemed to indicate that collagen carbon was largely derived from dietary proteins, 
and thus the Routing Model was endorsed. 
Subsequently, extensive animal controlled-feeding experiments have indicated that 
dietary components are routed to specific tissues and a strong relationship was observed 
between dietary protein and bone collagen in mice (R2 = 0.91; Tieszen and Fagre, 1993) 
and rats (R2 = 0.96; Ambrose and Norr, 1993). However, the range in dietary protein to 
bone collagen spaCings (4%0) exhibited in the rat-feeding experiment seemed to indicate 
that bone collagen c)13C values are also affected by the isotopic composition of the dietary 
energy components. A subsequent similar feeding experiment using pigs reported that 
neither the Routing Model nor the Scrambling Model was evident, and that both the 
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incorporation of dietary protein and de novo synthesis contributed to the isotopic 
composition of bone collagen (Young, 2002). Collagen is comprised of both essential and 
non-essential amino acids; the latter cannot be synthesised by the body and must be 
obtained from the diet. Essential amino acids contribute 21.5% of the carbon atoms to 
collagen (Vaughan, 1981), and this reflects the required minimum amount of routing of 
dietary protein to bone collagen. The results of animal-feeding experiments suggest that 
the degree of routing may be significantly greater than this (Ambrose and Norr, 1993; 
Tieszen and Fagre, 1993); however, the degree to which the balance between routing and 
de novo synthesis is governed by protein intake has yet to be ascertained. 
1.5.2.2 Collagen ~15N values 
A consistent correlation between the 815N values of dietary protein and bone collagen has 
been demonstrated, where the latter are enriched relative to the diet by approximately 3%0 
(DeNiro and Epstein, 1981; Schoeninger et aI., 1983a, b; Minagawa and Wada, 1984; 
Schoeninger and DeNiro, 1984; de Beaune and White, 1993). Thus, 815N determinations 
enable an estimation of the trophic level of an individual, where carnivores may be 
distinguished from herbivores due to their more enriched 815N values (Bocherens et aI., 
1995). The considerable enrichment observed between dietary and consumer tissue 815N 
values probably results from isotopic fractionation associated with deamination and 
transamination of amino acids (Schoeninger and DeNiro, 1984; Ambrose and DeNiro, 
1986). Nitrogen isotope analysis has been extensively utilised in distinguishing between 
terrestrial and marine consumers because of the more enriched 815N values exhibited in 
the latter, which is a consequence of the higher number of trophic levels present in marine 
ecosystems (Schoeninger et aI., 1983a, b; Schoeninger and DeNiro, 1984; Sanchez-
Muniz et aI., 1999). 
1.5.2.3 Apatite 
The dietary signal of bone apatite was first investigated in field experiments on wild 
animals of well-established trophic levels and dietary habits (Krueger and Sullivan, 1984; 
Lee-Thorp et aI., 1989). The authors concluded that apatite was preferentially synthesised 
from carbon derived from the catabolism of dietary energy, i.e. lipids and carbohydrates. 
Furthermore, they observed more depleted 813C values for carnivores than omnivores 
which was explained by the high intake of energy in the form of meat lipids in the former. 
The explanation given for this depletion in carnivore bone apatite 813C values was the 
discrimination against 13C in the oxidation of pyruvate to acetyl CoA, which is the principal 
source of carbon for lipid synthesis. This isotopic discrimination results in lipids being 
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approximately 6%0 depleted relative to the protein of an organism (DeNiro and Epstein, 
1977). A second field experiment designed to probe the dietary signal of bone tissues 
(Lee-Thorp et aI., 1989) was largely in agreement with the earlier study (Krueger and 
Sullivan, 1984) with respect to the isotope signal of apatite. 
The theory that bone apatite carbon derives from dietary energy was subsequently 
invalidated via animal-feeding experiments, in which apatite 013C values were observed to 
reflect the isotopic composition of dietary lipids, carbohydrates and proteins, in 
accordance with their relative abundances in the diet (Amacher et aI., 1990; Ambrose and 
Norr, 1993; Tieszen and Fagre, 1993). This finding was more biologically plausible, 
because, in the metabolic steady state, practically all ingested carbon atoms 
(approximately 98%) exit the body from the lungs as respired CO2. Therefore, respired 
CO2 consists of the carbon from all dietary components according to their relative 
abundance in the diet. Respired CO2 is in isotopic equilibrium with blood bicarbonate, and 
if it follows that bone carbonate is in isotopic equilibrium with blood bicarbonate, then the 
13C composition of bone apatite should reflect that of the whole diet (Lee-Thorp et aI., 
1989: Ie Gal et aI., 1991: Gannes et aI., 1998). Thus, in control-fed mice a substantial 
linear relationship was observed between bone apatite and both respiratory CO2 
(R2 = 0.98) and whole diet 813C values (R2 = 0.90; Tieszen and Fagre (1993). Apatite 813C 
values are enriched relative to whole diet because of the enrichment of blood bicarbonate 
produced by the transfer of CO2 from blood plasma to expired air (Krueger and Sullivan, 
1984). An average enrichment of 9.0 and 9.5%0 between diet and consumer apatite 
(~13CBone apatite-Whole diet) was observed in control-fed mice (Tieszen and Fagre, 1993) and 
rats (Ambrose and Norr, 1993), respectively. 
1.5.3 Dietary isotope signal of individual bone compounds 
Animal-feeding experiments have revealed much about the isotopic relationship between 
dietary and bulk bone components, namely: (i) the isotopic composition of dietary proteins 
may be exclusively expressed in collagen 013C values, (ii) apatite reflects whole diet 013C 
values, and (iii) lipids, like apatite, reflect whole diet 813C values (Ambrose and Norr, 1993: 
Tieszen and Fagre, 1993). However, the focus on bulk bone components does not enable 
an understanding of the biochemical processes which belie the isotopic relationship 
between dietary and tissue components. Thus, the isotopiC characterisation of individual 
tissue compounds such as bone cholesterol and collagen amino acids provides an 
opportunity to investigate the metabolic and physiological processes that govern the 
isotopic composition of bulk tissues. 
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1.5.3.1 Collagen amino acids 
Amino acid metabolism in humans involves nutrition, digestion, protein synthesis and 
catabolism, and nitrogen excretion from the body. The combination of these processes 
ultimately influences the &13C values of proteins such as bone collagen (Fogel et aI., 
1997). It is now known that the individual amino acids comprising bone collagen exhibit 
distinctive &13C values depending on their biosynthetic pathways and fractionation 
associated with their assimilation (Tuross et aI., 1988; Hare et aI., 1991; Fogel et aI., 
1997). However, such information is obscured when isotope analysis is focused 
exclusively on bulk collagen, because bulk collagen &13C values are a weighted average 
of the &13C values of its constituent amino acids. In addition, because of their differing 
biosynthetic origins, each bone collagen amino acid may exhibit a unique dietary signal; 
thus, individual amino acid &13C determinations can potentially provide a wealth of novel 
palaeodietary insights. 
Collagen is comprised of 19 amino acids, 8 essential and 11 non-essential. Essential 
amino acids are thus titled because the body lacks the enzymatic ability for their 
synthesis, and they must, therefore, be derived from the diet. The carbon skeletons of 
essential amino acids, and in the case of threonine and lysine, the whole molecule, must 
be incorporated into body proteins from dietary sources. Several non-essential amino 
acids have been re-classified as conditionally essential because in certain circumstances 
they must be provided by the diet. For example, tyrosine is formed in an irreversible 
reaction by the hydroxylation of the essential amino acid phenylalanine; thus, if dietary 
phenylalanine is deficient, tyrosine becomes essential. Similarly, arginine and histidine are 
essential in the early childhood period of rapid growth when de novo synthesis cannot 
meet growth requirements. Non-essential amino acids may also be directly assimilated 
from the diet, or synthesised de novo via a number of biosynthetic pathways. Since 
approximately 78% of the carbon in collagen is comprised of non-essential amino acids 
(Vaughan, 1981), bulk collagen &13C values are governed by the balance between routing 
and de novo synthesis of these amino acids. Thus, the elucidation of the origins of carbon 
in collagen amino acids is fundamental to correct interpretation of their &13C values. 
The glucogenic amino acid group, which comprises, serine, glycine and alanine, are 
synthesised from intermediates of glycolysis, the sequence of ten reactions that break 
down one molecule of glucose to two molecules of pyruvate. Glycolysis is essentially the 
catabolic pathway of dietary carbohydrates. Serine and glycine are synthesised via 
glycolytic intermediates and glycine can also be formed from serine. Serine synthesis has 
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a number of available pathways: it can be formed via the glycolytic intermediate 3-
phospoglycerate and also via the transferral of a hydroxymethyl group from hydroxymethyl 
transferase to glycine, in a reversible reaction. Glycine can be synthesised via two major 
pathways: firstly, from serine in a reversal of serine synthesis and secondly, from CO2, 
NH/, and N5Nw-methylene tetrahydrofolate (THF) in a glycine synthase-catalysed 
reaction. Alanine is synthesised via a simple one-step transamination of pyruvate. 
Transamination reactions convert one amino acid into another and involve the transfer of 
an a-amino group (NH3+) to an a-keto acid (either pyruvate, oxaloacetate, or most 
commonly a-ketogluterate; Benyon, 1998). Thus, alanine is formed via the transferral of 
an a-amino group from aspartate or glutamate to pyruvate. Pyruvate is the end product of 
glycolysis; therefore, the isotopic composition of alanine, like serine and glycine, if 
biosynthesised de novo, should reflect that of dietary carbohydrates. 
The ketogenic amino acid group, which comprises glutamate, aspartate, asparagine and 
proline, are synthesised from intermediates of the tricarboxylic acid (TCA) cycle, a cyclical 
series of eight reactions which oxidize one molecule of acetyl CoA to two molecules of 
CO2• Acetyl CoA is derived from the irreversible oxidative decarboxylation of pyruvate by 
pyruvate dehydrogenase, although it can also be derived from the degradation of fatty 
acids, ketone bodies and amino acids. Approximately half the carbon atoms of amino 
acids, two-thirds of the carbon skeleton of carbohydrates, and all the carbon atoms of 
common fatty acids yield acetyl CoA. Thus, the TCA cycle provides a final pathway for the 
oxidation of dietary protein, lipids and carbohydrates. Glutamate is formed by the 
reductive amination of a-ketogluterate by glutamate dehydrogenase, and can also be 
formed by transamination of virtually all other amino acids. Aspartate is synthesised via 
the transamination of oxaloacetate, and asparagine is synthesised by the transfer of an 
amide group from glutamine to aspartate. Proline is synthesised from glutamate in three 
steps: reduction of glutamate to glutamate-y-semialdehyde, and a spontaneous cyclisation 
forming pyrroline-5-carboxylate, which is reduced to form proline. As a result of their TCA 
cycle precursors, the isotopic composition of glutamate, aspartate, asparagine and 
proline, if biosynthesised de novo, should reflect that of the whole diet. An overview of the 
biosynthesis of both ketogenic and glucogenic non-essential amino acids is presented in 
Figure 1.7(a) and (b), respectively. 
Three amino acids not necessary for protein synthesis are formed during post-
translational processing of collagen after the polypeptides are synthesised: 3- and 4-
hydroxyproline and hydroxylysine. An unusual characteristic of these amino acids is that 
they cannot be incorporated into proteins from the diet. In collagen, 3- and 4-
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hydroxyproline are formed when certain proline residues are hydoxylated in a prolyl 
hydroxylase catalysed reaction. Hydroxylysine is formed from lysine in a reaction 
catalysed by Iysyle hydroxylase. 
Despite the potential application of bone collagen amino acid 813C analysis to 
palaeodietary reconstruction, the technique has been utilised on few occasions (Hare and 
Estep, 1983; Hare et aI., 1991; Haack et aI., 1994; Fogel et ai., 1997). The first 
investigation of modern and fossil bone collagen amino acid 813C and 815N values was 
undertaken in 1983, when it was observed that the wide range in &13C values (-25 to -8%0) 
observed between individual amino acids was present in both modern and fossil collagen 
(Hare and Estep, 1983). This considerable isotope range was subsequently observed in 
modern and archaeological bone collagen (ca. 20%0; Tuross et aI., 1988) and in pigs 
reared on pure C3 and C4 diets (25.4%0; Hare et aI., 1991). In the pig-feeding experiment 
the isotopic composition of the diets was reflected in bone collagen amino acid 813C 
values, and isotopic fractionation was very similar for both the C3 and C4 diets. Glycine 
&13C values were enriched relative to whole diet by approximately 8%0, and this was seen 
to explain the enrichment observed in bulk collagen relative to whole diet 813C values, 
since glycine contributes one-third of amino acid residues to collagen (Hare et aI., 1991). 
Subsequently, a more sophisticated feeding experiment to probe the origins of carbon in 
bone collagen amino acids was performed using rats (Jones, 2002). Bone collagen amino 
acid &13C values of rats reared on isotopically-controlled diets indicated that essential 
amino acids were routed directly from the diet to collagen with little isotopic fractionation 
(~13Ceone collagen-Diet amino acid == 2 - 3%0). However, this experiment demonstrated for the first 
time the considerable influence of dietary energy components on the isotopic composition 
of non-essential amino acids, a finding which verified that neither the Routing nor 
Scrambling models is correct for rat collagen. However, protein comprised 20% of the rat 
diets, and it is possible that when lower protein diets are consumed only 21.5% of the 
carbon (i.e. essential amino acid carbon) may be obtained from dietary protein (Vaughan, 
1981). Further insights from the rat experiment were that: (i) glutamate was almost entirely 
biosynthesised de novo, and thus reflected the isotopic composition of the whole diet, and 
(ii), proline was directly incorporated from the diet, a finding previously seen in pigs (Hare 
et aI., 1991). Although good agreement was observed in trends in bone collagen amino 
acid &13C values between the modern rats and archaeological bovids and ovi-caprids from 
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Figure 1.7. Overview of non-essential amino acid biosynthesis: (a) amino acids with ketogenic 
precursors: aspartate, glutamate and proline and (b) amino acids with glucogenic precursors: 
alanine, serine and glycine. Adapted from Voet and Voet (1995) and Coffee (1998). 
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1.5.3.2 Cholesterol 
The survivability of microgram quantities (fl9 g-1) of cholesterol, cholesteryl fatty acyl 
esters and fatty acids in ancient human and animal bone was first demonstrated in 1995 
(Evershed et aL, 1995; Stott et aL, 1995). Free cholesterol was shown to survive more 
frequently and in higher abundance than fatty acids or acyl components. Cholesterol was 
identified in bones of varying age and context, from a 75,OOO-year-old whale bone 
preserved in permafrost in Norway, to a nineteenth century human bone in Hampshire, 
UK. It was typically detected alongside diagenetic congeners, 5a- and p-cholestanol and 
cholest-5-en-7 -one-3p-ol, and also cholesteryl fatty acyl esters (Stott and Evershed, 1996; 
Stott et aL, 1997b). 5a- and p-cholestanol are indicative of microbial reduction under 
anaerobic conditions, while aerobic conditions in the soil can result in oxidation of 
cholesterol to cholest-5-en-3-01-7 -one or 7 -ketocholesteroL The exact origins of 
cholesterol preserved in archaeological bone is not yet known, although it may survive as: 
(i) a component of cellular lipids in bone-forming cells, (ii) a remnant of the original blood-
borne lipid in vascular bones, or (iii) a component of marrow lipid present at the time of 
death of an individual (Stott et aI., 1997b). 
Following the demonstration of the survivability of ancient bone cholesterol, the question 
of its use in palaeodietary reconstruction emerged (Stott and Evershed, 1996; Stott et aL, 
1997b). Preliminary carbon isotope investigations undertaken using GC-C-IRMS 
concluded that cholesterol 613C values in different skeletal members of an individual were 
homogenous, and the observed range of 1.3%0 possibly resulted from different cholesterol 
turnover rates around the body (Stott and Evershed, 1996). Bone cholesterol 613C 
determinations of populations originating from inland and coastal regions provided 
evidence of higher marine food consumption in the coastal Saxon-Medieval cemetery of 
Barton-on-Humber, Lincolnshire «513C -22.2%0) than in the inland Medieval cemetery of 
Abingdon Vineyard, Oxfordshire «513C -23.9%0). 
Cholesterol is a 27-carbon steroid with a hydroxyl group bound to C3 of ring A. It belongs 
to a group of compounds (including ubiquinone and vitamins A, E and K) with five carbon 
isoprene group precursors. Cholesterol has three primary roles in the body: (i) it is an 
essential component of cell membranes, (ii) it is a precursor of the five major classes of 
steroid hormones (progestogens, oestrogens, androgens, glucocorticoids and mineral 
corticoids), and (iii) it is a precursor of bile acids and vitamin D. The dietary signal of bone 
cholesterol (513C values is dependent on its biosynthetic pathway which is now well-
established. All 27 cholesterol carbon atoms derive from acetyl CoA, the common 
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metabolite formed by the catabolism of dietary lipids, carbohydrates and proteins (Voet 
and Voet, 1995). Cholesterol can be synthesised by most mammalian cells although the 
primary site of synthesis is the liver and small intestine. Cholesterol synthesis is located in 
the cell cytosol although some of the enzymes are found in the endoplasmic reticulum. 
There are two primary stages in cholesterol biosynthesis: (i) the formation of the 
isopentenyl pyrophosphate (IPP) via the condensation of 3 molecules of acetyl CoA to 3-
hydroxy-3-methylglutaryl CoA (HMG-Co-A), followed by the loss of CO2, and (ii) the 
progressive condensation of isoprene units to form cholesterol. Six 5-carbon containing 
isoprene units link up to form squalene (30 carbon atoms) which cyclizes to lanosterol, 
from which cholesterol is formed. An overview of cholesterol biosynthesis is presented in 
Figure 1.8. 
A continuous supply of cholesterol is essential in the body and this supply can be obtained 
both from the diet and biosynthesis. It has been calculated that the human body can 
synthesize approximately twice the amount of cholesterol (typically 1.0 to 1.5 g) provided 
by the average Western European diet, while approximately half of ingested cholesterol is 
excreted and half is absorbed in the body (Stott et aI., 1999). Therefore, dietary 
cholesterol constitutes approximately 20% of total body cholesterol and the remainder is 
necessarily derived from de novo synthesis. However, herbivores and vegans must 
synthesise all their cholesterol de novo. There are regulatory mechanisms to control 
plasma cholesterol levels which balance the amount of cholesterol synthesised with both 
the dietary intake and loss through excretion. Failure of this mechanism can result in high 
plasma cholesterol levels and increase the risk of cardiovascular diseases such as 
coronary heart disease, peripheral vascular disease and strokes. 
In order to elucidate the dietary signal of bone cholesterol 813C values, bone tissues were 
harvested from two animal-feeding experiments designed to investigate the isotopic 
relationship between diet and bone tissues in pigs (Stott et aI., 1997a) and in rats (Jim, 
2000). Although there were differences in the dietary regimes and species utilised in the 
experiments, in both studies the isotopic composition of bone cholesterol reflected that of 
the diet (Stott et aI., 1997a; Jim, 2000). In the rat-feeding experiment it was tentatively 
concluded that most of the cholesterol present in the rat bones was of biosynthetic rather 
than dietary origin, by the strong correlation exhibited between bone cholesterol and 
whole diet 813C values (R2 = 0.87; Jim, 2000). In addition, both experiments confirmed 
previous evidence of the depletion exhibited in tissue lipid &13C values when compared to 
proteins such as collagen (DeNiro and Epstein, 1977). 
22 
Chapter 1 
2 x acetyl GoA 
o 
Ii [C,] " 2 
GoA ~SCOA 0 0 
acetoacetyl coA ~SCOA [C. ] 
HMG eoA .,.. I' ~ acetyl CoA 
~ CoA 0 OH 0 
Jl-HydroxY-Il-methylglutaryl-GoA O~ CoA [CJ 
r2NADPH H""G·CoA reauct' e 2NAOP' + CoA I OH OH 
mevalonate O~H [C. ) 
""'" ron. . r- ATP 
t- AOP 0 OH 




ADP 0 OH 








F amesyl pyrophosphate 
(-2) ~pp [C,,-P.P] "2 
K NAOPH Squale~.Y""" NADP + 2PP, 
Squalene 












Figure 1.8. Overview of cholesterol biosynthesis, adapted from Sabine (1977) and Benyon (1998), 
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1.6 Animal-feeding experiments 
The concept of the controlled animal-feeding experiment derived from the seminal 
experiments of De Niro and Epstein, who explored the influence of the diet on the 
distribution of carbon and nitrogen isotopes in animal tissues in a wide variety of species, 
including nematodes, moths, brine shrimp, weevils and mice (DeNiro and Epstein, 1978, 
1981). It was shown that consumer tissue 0 13C and o15N values reflected those of the diet, 
although whole animal tissues were enriched relative to diet by approximately 1 and 3%0, 
respectively. It was concluded that the isotopic composition of the diet and consumer 
tissues were governed by: (i) the type of consumer tissue analysed, and (ii) the 
composition of the diet (DeNiro and Epstein, 1978, 1981). A similar relationship was 
observed in diet and consumer tissues, where 013CuPid < 013CTotal organic matter, 
13 13C d s;: 13C < s;: 13C o CUPid < 0 Carbohydrate an U Lipid U Protein· 
In order to yield accurate palaeodietary information from stable isotope analysis, it is 
implicit that the isotopic relationship between fossil bone components and dietary 
components is understood. However, this relationship can only be elucidated by 
assessing the isotopic composition of bone components of animals reared on diets of 
controlled or well-established isotopic composition. Thus, the role of animal-feeding 
experiments, where the tissues of animals reared on isotopically-controlled diets are 
subjected to stable isotope analysis, has been decisive in our understanding of the 
isotopic signal of bone tissues, both at the bulk and molecular level. Two methods have 
been used in this endeavour: (i) isotope analysis of tissues from wild animals with well-
established dietary habits (Krueger and Sullivan, 1984; Lee-Thorp et aI., 1989), and (ii) 
isotope analysis of tissues from animals reared on strictly controlled diets, which typically 
encompass the range of 013C values present in nature (i.e. C3 and C4 foodstuffs; Hare et 
al. ,1991; Ambrose and Norr, 1993; Tieszen and Fagre, 1993; Young, 2002). Much of the 
information about the dietary isotope signals of bulk bone components and individual 
compounds reviewed in Section 1.5 was acquired through one of these two methods. 
The first investigations to address the isotopic relationship between diet and tissue 
components were conducted via field studies of wild herbivores, omnivores and 
carnivores (Krueger and Sullivan, 1984), and faunal species of well-established trophic 
levels and dietary habits (Lee-Thorp et aI., 1989). Although novel biochemical concepts 
and insights were derived from these field experiments, the isotopic relationship between 
dietary and bone components could not be explored with preCision because the exact 
isotopic compositions of the animals' diets were unknown. The need for experiments that 
included more strictly controlled diets and more suitable metabolic analogues for humans 
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was subsequently met with isotopically-controlled feeding experiments on mice (Tieszen 
and Fagre, 1993) and rats (Ambrose and Norr, 1993). Since then, the role of animal-
feeding experiments in probing the isotope signal of bulk tissues and individual 
compounds has been integral to the accurate application of the stable isotopic technique 
to the field of palaeodietary reconstruction (Tieszen et aI., 1983; Kennedy, 1988; Hare et 
aI., 1991; Ambrose and Norr, 1993; Mitchell et aI., 1993; Tieszen and Fagre, 1993; Stott et 
aI., 1997a; Jim, 2000; Jim et aI., 2002; Jones, 2002). 
1.7 Mathematical models from animal-feeding experiments 
Typically, the aims of animal-feeding experiments have been to: (i) probe the isotopic 
signal of bone tissues, and (ii) construct models by which the bone component &13C 
values of archaeological populations may be used to predict the isotopic composition of 
their diets. Initially, mathematical models were constructed from studies on wild animals 
(Krueger and Sullivan, 1984; Lee-Thorp et aI., 1989), although further advances were 
made with the emergence of controlled-feeding experiments (Ambrose and Norr, 1993; 
Tieszen and Fagre, 1993). Two types of dietary models have typically been utilised, 
namely: (i) qualitative models which exploit the differences between diet and bone 
component &13C values (.1.13COiet component-Bone component and .1.13CBone component-Bone component 
spacings), and (ii) quantitative models which exploit linear relationships between bone and 
dietary components, utilising linear regression analysis to predict dietary component &13C 
values. 
However, the applicability of models constructed from animal-feeding experiments to 
archaeological humans and fauna has yet to be thoroughly assessed. The extent to which 
the bone component &13C values of archaeological human populations can be interpreted 
from results on animals subjected to controlled diets is governed by several factors: (i) the 
species being subjected to the experiment, (ii) the qualitative and quantitative composition 
of the diets, and (iii) the age, physiology and health of the animals. Similarly, the age, 
physiology and health of the archaeological individuals also influences the isotopic 
composition of their tissues. Thus, it is essential that these factors are thoroughly 
assessed when models constructed via animal-feeding experiments are used to infer the 
diets of archaeological humans and faunal species. 
1.8 Aims and objectives 
1.8.1 Aims 
The principal aim of this thesis can be divided into two foci, namely to: (i) assess the 
applicability of mathematical models derived from animal-feeding experiments to the 
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dietary reconstruction of ancient humans and fauna. and (ii) evaluate the level of novel 
dietary information which can be inferred about ancient diet utilising a novel multi-proxy 
stable isotope approach. In this thesis. this multi-proxy stable isotope approach denotes 
the combined use of bulk bone component (collagen and apatite) and individual bone 
compound (cholesterol and collagen amino acids) CS 13C analysis. and bulk collagen cS15N 
analysis. Firstly. since the isotope signal of bone cholesterol 813C values in large 
omnivorous mammals (such as humans) is little understood. an investigation was 
conducted via a controlled-feeding experiment using pigs. Following the construction of 
mathematical models which exploit the isotopic relationship between bone cholesterol and 
whole diet. the accuracy of these models was assessed via their comparison with similar 
models derived from a previous rat-feeding experiment (Jim. 2000). Subsequently. the 
applicability and accuracy of 21 mathematical models (Equations 4.1 - 4. 21). derived from 
three principal animal-feeding experiments. was scrutinized via their application to four 
archaeological groups (A - D). comprising humans (n = 90). and terrestrial (n = 25) and 
marine fauna (n = 10). originating from various geographical locations. The relative 
successes and failings of the dietary models as applied to palaeodietary reconstruction 
were then reviewed. with discussion focusing on inter-specific protein metabolism 
differences. the influences of dietary composition. and diagenetiC influences on the 
isotopic composition of archaeological bone tissues. 
The utility of the multi-proxy stable isotope approach was then assessed by evaluating the 
level of novel dietary information obtainable from two archaeological investigations. The 
first investigation assessed the utility of the multi-proxy stable isotope approach when 
applied to a human population originating from an isotopically-uncomplicated C3 coastal 
region. namely. the Saxon population of Sedgeford. Norfolk. UK. The second investigation 
assessed the utility of the multi-proxy stable isotope approach when applied to human 
individuals originating from an isotopically-complex mixed C-jC4 coastal region. namely. 
Holocene hunter-gatherers from the Cape region of South Africa. Since bulk collagen 
isotope analysis has been problematic in the latter region because C4 and marine diet 
consumers are not distinguishable via 813C values (Sealy and van der Merwe. 1985; Sealy 
and Van der Merwe. 1986; Sealy. 1997; Cox et al.. 2001) and bone collagen cS15N values 
are unreliable in arid regions (Heaton et aI., 1986; Heaton, 1987; Sealy et aI., 1987). a 
further aim of this multi-proxy stable isotopic was to develop a method of distinguishing 
between C4 and marine consumers and to identify a novel marine dietary indicator to 
complement bone collagen 815N values. 
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1.8.2 Objectives 
The specific objectives of this research were to: 
(i) Measure bone cholesterol & 13C values of pigs reared on isotopically controlled diets 
to assess the dietary signal of cholesterol in large omnivorous mammals, such as 
humans. 
(ii) Compare the dietary signal of bone cholesterol between sows, piglets and adult 
pigs. 
(iii) Create mathematical models for predicting long-term and short-term whole diet &13C 
values, via pig bone apatite and cholesterol &13C values, respectively. 
(iv) Examine the accuracy of the long-term and short-term whole diet models via their 
application to the results of a rat-feeding experiment (Jim, 2000). 
(v) Review and assess the applicability of dietary mathematical models constructed via 
results of animal-feeding experiments to the palaeodietary reconstruction of humans, 
and terrestrial and marine fauna. 
(vi) Evaluate the utility of a multi-proxy stable isotope approach to the palaeodietary 
reconstruction of humans originating from an isotopically-uncomplicated C3 coastal 
region. 
(vii) Evaluate the utility of a multi-proxy stable isotope approach to the palaeodietary 
reconstruction of humans, and terrestrial and marine fauna, originating from an 
isotopically-complex mixed CJiC4 coastal region, with the aim of constructing a novel 
marine dietary indicator to complement bone collagen &15N values. 
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2.1 Chemicals and precautions 
All solvents used in this research were of HPLC grade and purchased from Rathburn 
chemicals. Cholesterol, n-tetratriacontane, sodium hydroxide pellets and N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) were purchased from Sigma-Aldrich Co. Ltd 
(Poole, Dorset, UK). All authentic amino acids and derivatising reagents were purchased 
from Sigma-Aldrich Co. Ltd. Bleach and acetic acid for apatite preparation were 
purchased from BDH Laboratory Supplies (Merck Ltd, Poole, Dorset, UK). CO-injected 
standards for GC-C-IRMS analyses, nondecane and methyl esters of undecanoic, 
tricosanoic and heneicosanoic acids were purchased from Sigma-Aldrich Co. Ltd. 
All glassware and ceramics were washed with Decon 90, oven-dried and rinsed with 
chloroform:methanol (2: 1 v/w) prior to use. Disposable powder-free rubber gloves and 
aluminium foil were used to manipulate samples to prevent contamination. Analytical 
blanks were used to monitor and locate contamination during all cholesterol and amino 
acid extraction and derivatisation procedures. 
2.2 Sample Information 
2.2.1 Preparation of modern samples 
Whole diets, dietary components and sows' milk were powdered using a spex-mill (SPEX 
CentriPrep, New Jersey, USA) by Dr Suzanne Young of Harvard University. Pig 
metatarsals were de-fleshed with dermestid beetles and cleaned by abrasion using a 
modelling drill. Approximately 20 mg bone was obtained for cholesterol analysis. 
2.2.2 Preparation of archaeological samples 
Intact archaeological bones were cleaned by abrasion using a modelling drill to prevent 
contamination from adhering soil, exogenous lipids and conservation treatments. After 
cleaning, the bones were powdered using a mortar and pestle with the aid of liquid 
nitrogen. Approximately 3 g of bone was weighed at the outset to provide a sufficient 
quantity for cholesterol, apatite, collagen and individual amino acid isotope analyses. 
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2.3 Extraction and derivatisation 
2.3.1 Extraction and saponification of total lipid extracts (TLEs) 
The following lipid extraction protocol was employed on all archaeological and modern 
samples to obtain cholesterol for isotope analysis, and also to remove lipids from samples 
prior to extraction of apatite, collagen and amino acids from archaeological bones. Prior to 
extraction, a known quantity of n-tetratricontane (C34 n-alkane, 813C -28.9%0) was added 
as an internal standard. Lipids were extracted into chloroform/methanol (2:1, vlv, 10 ml) 
by ultrasonication (3 x 30 min, Decon F5200b). larger suspended particulates were 
removed by centrifugation (2000 rpm, 20 min, MSE Mistral 1000) and filtration through a 
silica and alumina packed pipette. The solvent was evaporated under a gentle stream of 
N2 to yield a total lipid extract (TlE). Samples were stored in sample vials at -18°C until 
required for analysis. 
All modern and cholesterol ester-containing archaeological total lipid extracts were 
subjected to saponification. An aliquot of each TlE was transferred into a screw-capped 
culture tube, evaporated under a gentle stream of N2 and hydrolysed with 2mL 0.5 
methanolic NaOH (70°C 1 h). On cooling the mixture was extracted into hexane (3 x 2 
mL) to yield the neutral fraction. The mixture was acidified to pH 3 with 1 M HCI and 
extracted with hexane (3 x 2 ml) to yield the acid fraction. Acid fractions were stored at -
18°C prior to derivitisation. 
2.3.2 Preparation of cholesterol trimethylsilyl (TMS) ethers 
TlEs and neutral fractions were converted to TMS derivatives using excess N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1 % v/v trimethylchlorisane. 20 III 
of the reagent was added to each sample and the samples were placed on a heating 
block (Multiblok lab-Line) at 70°C for 1 h. Excess BSTFA was removed under a gentle 
stream of N2 and the trimethylsilylated extracts were diluted in hexane and stored at -
18°C until required for high temperature GC (HT-GC), high temperature gas 
chromatography-mass spectrometry (HT-GC-MS) and GC-C-IRMS analyses. 
2.3.3 Bone apatite extraction 
Approximately 500 mg of dry lipid-extracted bone was used for apatite extraction. 
Samples were transferred into 500 ml conical flasks with 4% NaOel (0.04 mL mg-1 bone) 
which were subsequently placed on a shaker (140 rpm, 24 h). Following centrifugation 
(3000 rpm, 5 min; MSE Mistral 1000) the residues were rinsed and centrifuged 5 times 
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with double distilled water. After rinsing, 0.1 M acetic acid (0.04 mL mg 1 bone) was added 
to the samples which were transferred to a shaker (140 rpm, 24 h). The remaining powder 
(apatite) was transferred to centrifuge tubes and rinsed 5 times with double distilled water 
and freeze-dried. Apatite samples were stored at room temperature until required for 
isotope analysis. 
2.3.4 Bone Collagen extraction 
Between 400 and 1000 mg of pre-weighed lipid-extracted bone powder was transferred to 
culture tubes and demineralised in 10 mL aqueous 0.5M HCI at 4°C for up to 48 h. 
Samples were then centrifuged in HCI (3000 rpm, 10 min) following which the HCI solution 
was removed. The remaining powder was rinsed 5 times in 10 mL double distilled water. 
Samples were then transferred to sealed culture tubes with 10 mL 0.001 M HCI (75°C 
48 h). The supernatants were filtered through 8 ~m polyethylene Ezee Filters (Elkay 
Laboratory Products Ltd., Hampshire, UK) to remove suspended particulates and then 
freeze-dried. Collagen samples were stored at -18 DC until required for IRMS analyses or 
hydrolysis to release individual amino acids. 
2.3.5 HydrolYSiS of bone collagen 
Approximately 2 mg of collagen was hydrolysed under vacuum in 6M HCI (500:1, v:w) in 
Young's tubes (100 DC, 24 h). On cooling the samples were transferred to screw-capped 
vials with double distilled water (3 )( 0.5 mL) and MeOH (3 )( 0.5 mL). The solutions were 
evaporated under a gentle stream of N2, re-dissolved in 2 mL MeOH and stored at -18°C 
until required for analysis. 
2.3.6 Preparation of amino acid trifluoroacetyl-isopropyl (TFAlIP) esters 
0.5 mL fractions of the hydrolysates obtained from the hydrolysis of bone collagen were 
transferred to culture tubes and dried under N2. 40/J1 of y-amino-n-butyric acid 
(0.2 mg mL-1 in 0.1 M HCI) was added to each sample as an internal standard. Acidified 
iso-propanol (0.5 ml, 2.8 M with acetyl chloride) was added to the culture tubes which 
were sealed with Teflon-lined caps and heated (100°C, 1 h). The reaction was quenched 
by placing the tubes in a freezer and the residual iso-propanol was removed under a 
gentle stream of N2 at 40°C. Excess H20 and iso-propanol was removed by addition of 
dichloromethane (OeM, 2 x 0.25 mL) which was also evaporated under N2• Trifluoroacetic 
anhydride (TFAA, 0.5 ml) and OCM were added to the culture tubes, which were sealed 
with Teflon-lined caps and heated (100°C, 10 min). The tubes were then placed in an ice 
bath where the excess TFAA and OCM were removed under a gentle stream of N2. The 
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derivatised amino acids were dissolved in 0.25 mL OCM and stored -18°C until required 
for GC-C-IRMS analysis. 
2.4 Instrumental analyses 
2.4.1 GC analyses 
All GC analyses were performed on a Hewlett Packard Series II gas chromatograph. 
Compounds were separated using a fused silica capillary column coated with a stationary 
phase appropriate to the nature of the compound being analysed. Hydrogen was used as 
the carrier gas. Flame ionisation detection (FlO) was used to monitor the column effluent 
and data were acquired and analysed using HP Chemstation software. 
2.4.1.1 Cholesterol and TLEs 
A OB-1 column (14 m x 0.32 mm Ld.) coated with a dimethyl polysiloxane stationary 
phase (0.1 J.lm film thickness) was utilised. Samples were introduced either manually or by 
automated on-column injection (Hewlett Packard 7673 automatic sampler). The oven 
temperature programme was as follows: initial temperature was held isothermally at 50°C 
(2 min) and then increased to 350°C (10 min) at a rate of 10°C min-1. 
2.4.1.2 Amino Acids 
A C-SIL 5 CB column (50 m x 0.32 mm Ld.) coated with a 5% phenyl, 95% 
dimethylpolysiloxane stationary phase (0.25 J-lm film thickness) was utilised. The 
split/splitless injector was held at 200°C. The oven temperature programme was as 
follows: initial temperature was held isothermally at 40°C (1 min) and then increased to 
70 °C at a rate of 10°C min-1, then to 170°C at a rate of 3 °C min-1, then to 250°C 
(10 min) at a rate of 15°C min-1. 
2.4.2 GC-MS analyses 
GC-MS analyses were performed using a Carlo Erba HRGC 5160 Mega series GC 
interfaced to a Finnigan 4500 quadrupole mass spectrometer (source temperature, 
280°C; filament current, 0.35 mA; electron voltage, 35 eV; accelerating voltage, 2 KV). 
On-column injection was used and helium was used as the carrier gas. Appropriate 
capillary columns and temperature programmes were utilised as described for GC 
analyses (Section 2.4.1). Oata were acquired using an INCaS data system and 
processed using Interactive Chemical Information Software (ICIS) package. Peak 
assignments were made via mass spectra and retention times. 
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2.4.3 Isotope standards 
All 813C and 815N values are reported in parts per mil (%0) relative to the PDB and AIR 
international isotope standards, respectively. 
2.4.4 IRMS 
Bone collagen 813C and 815N analysis was conducted at the NERC Centre for Ecology and 
Hydrology, Merlewood, UK. Samples were analysed for both 813C and 815N using an 
elemental analyser (Eurovector Euro-EA, Eurovector, Milano, Italy) coupled to an Isoprime 
Isotope Ratio Mass Spectrometer with dual-isotope capability (Waters Micromass, 
Manchester, UK). Working standards included with the samples demonstrated that 
internal precision was better than ± 0.2%0 for 13C and better than ± 0.3%0 for 15N. 
2.4.5 Dual inlet-IRMS 
Bone apatite 813C analysis was conducted at the NERC Isotope Geosciences Laboratory, 
Keyworth, UK. Approximately 300 mg of each apatite sample was weighed into reaction 
tubes and placed in reaction vessels containing 6 mL of anhydrous phosphoric acid and 
evacuated to remove atmospheric CO2 and H20. Reaction vessels were then sealed and 
placed in a water bath at 25.2 DC and allowed to thermally equilibrate. The phosphoric 
acid was introduced into the sample reaction tubes within the sealed, evacuated vessel. 
The vessels were intermittently agitated and then left for 16 h to ensure reaction had 
proceeded to completion. The resultant gas was isolated using cryogenic distillation. 
Isotope analysis was performed using an Optima dual-inlet gas source mass 
spectrometer. Three primary standards with known 813C values with respect to NBS 19 
(813C +1.95%0) and 2 secondary calcite standards (813C -0.7%0) were analysed for every 
12 apatite samples. 813C values were normalised and calibrated with respect to the 
primary standard. 
2.4.6 GC-C-IRMS 
Compound-specific stable isotope analysis were performed using two instruments: bone 
cholesterol was analysed using a Finnigan MAT DELTA S system and bone collagen 
amino acids were analysed using a Finnigan MAT DELTA XLP'us system. Sample 
compound 813C values were calibrated against reference CO2 (813C -31.8%0), which was 
introduced directly into the ion source three times each at the beginning and end of each 
run. Data were collected and processed using Finnigan MAT Isobase software. 
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2.4.6.1 DELTA S system 
The Finnigan MAT DELTA S system was used to measure derivatised bone cholesterol 
513C values. The mass spectrometer (electron ionisation 100 eV, three Faraday cup 
collectors m/z 44, 45 and 46) was interfaced to a Varian 3500 GC via a Finnigan MAT 
combustion interface (PtlCuo) maintained at 850°C. Samples were introduced either 
manually or by automated on-column injection (Finnigan MAT A200S automatic sampler). 
A CP-SIL 5 CB column (50 m x 0.32 Jlm, 0.25 um film thickness) was utilised with the 
following oven temperature programme: initial temperature was held isothermally at 50°C 
(2 min), then increased to 250°C at a rate of 10°C min-1 and then increased to 300°C 
(20 min) at a rate of 4 °c min-1. Helium was used as the carrier gas and the mass 
spectrometer source pressure was maintained at 9 x 10-5 Pa. 
2.4.6.2 DELTA XLplus system 
The Finnigan MAT DELTA XLPlus system was used to measure bone collagen amino acid 
513C values. A Hewlett-Packard 6890 GC was coupled to the isotope ratio mass 
spectrometer via a Finnigan MAT GC III combustion interface (electron ionisation 100 eV, 
three Faraday cup collectors mlz 44, 45 and 46, CuO/ NiO/ Pt combustion reactor set to 
940°C, Cu reduction reactor set to 600°C). The GC was fitted with a XB-5ms column 
(60m x 0.32 mm, 0.25 Jlm film thickness) with a 5% phenyl, 95% dimethylpolysiloxane 
equivalent stationary phase. The injector temperature was held at 200°C. The following 
oven temperature programme was used: initial temperature was held isothermally at 
40°C (1 min), then increased to 70 °c at a rate of 10°C min-1, then to 170°C (20 min) at 
a rate of 3°C min-" then to 250°C (10 min) at a rate of 15°C min-1• 
2.5 Co-injected standards 
For bone cholesterol 813C analysis, the co-injected standard nondecane (C19 n-alkane 
813C -31.0%0) was added to samples immediately prior to analysis. For bone collagen 
amino acid 813C analYSiS, cO-injected pre-derivatised trifluoroacetyl methyl esters of 
alanine (813C -30.2%0), phenylalanine (813C -20.0%0) and lysine (813C -26.7%0), were added 
to samples immediately prior to analysis. 
2.6 Correction for isotopic composition of derivative carbon 
Non-volatile compounds such as cholesterol and amino acids require derivatisation prior 
to GC-C-IRMS analyses and the 813C contribution of the derivatising carbon must be 
accounted for. There is no kinetic isotope effect (KIE) associated with the derivatisation of 
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cholesterol to cholesterol TMS ethers, therefore a simple mass balance equation is used 
to correct 013C values. However, there is a KIE associated with the conversion of amino 
acids to TFAlIP esters and correction factors must be calculated via isotope analysis of 
derivatised and underivatised standards. 
2.6.1 Cholesterol 
A cholesterol standard (013C -24.9%0) was derivatised using the same batch of BSTFA as 
was used for the samples. Triplicate 013C measurements of the trimethylsilylated 
cholesterol standard were performed via GC-C-IRMS analysis, enabling the calculation of 
the contribution of the three derivatising carbons to the overall o13e value of cholesterol. 
The correction procedure for the added TMS group (X) was calculated using the equation: 
27.DOH + 3.X = 30. DoTMS Equation 2.1 
where DOH denotes the 013C value of the underivatised cholesterol standard determined 
off-line by IRMS (27 carbon atoms), DOTMS denotes the oDe value of the trimethylsilylated 
cholesterol standard measured by GC-C-IRMS (30 carbon atoms) and X denotes the 813e 
value of the TMS group (3 carbon atoms). Thus, X can then be substituted back into 
Equation 2.1 and used to correct cholesterol determinations as follows: 
i ) 30.o0TMS - 3.X SOH \%0 = ------
27 
Equation 2.2 
where SOH denotes the o13e value of the underivatised cholesterol and OonAs denotes the 
s13e value of the trimethylsilylated cholesterol. A new correction factor was calculated for 
each new BSTFA batch used in this research. 
2.6.2 Amino Acids 
The KIE occurring during the derivatisation of amino acids to their TFAlIP esters is known 
to be consistent for each amino acid (Silfer et al., 1991) and is attributable to the non-
quantitative reaction of trifluoroacetic anhydride (Rieley, 1994). To account for this KIE 
two mixtures of authentic amino acid standards of known s13e values (Sigma-Aldrich 
products DAA-20 and LAA-21) were derivatised using the same derivatising reagents as 
was used for all samples. Correction factors were determined by measuring the 013C 
values of these derivatised amino acid standards via GC-C-IRMS and calculating the S13C 
value of the derivative carbon using Equation 2.3: 
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Equation 2.3 
where n denotes the number of carbon atoms, the subscripts c, d and cd denote the 
compound of interest, the derivative carbon and the derivatised compound, respectively. 
The standard mixture was run at frequent intervals, typically every 10 runs. The average 
correction factors and their standard deviations for each amino acid are shown in Table 
2.1. The standard deviations of the correction factor values (which varied systematically 
between amino acids from 0.5%0 for phenylalanine to 1.1 %0 for glycine) provide an 
indication of the reproducibility of each measurement. 
Table 2.1. Correction factors determined from the standard amino acids. 
Amino Acid Correction factor (%0) 
Alanine -34.8 ± 0.8 
Glycine -31.9 ± 1.1 
Threonine -36.9 ± 0.8 
Serine -36.9 ± 1.0 
Valine -40.7 ± 0.6 
Leucine -35.1 ± 0.6 
Isoleucine -37.1 ± 0.6 
Proline -38.7 ± 0.6 
Hydroxyproline -37.2 ± 0.7 
Aspartate -33.0 ± 0.9 
Glutamate -32.4 ± 0.8 
Phenylalanine -35.5 ± 0.5 
In amino acid 513C determinations there is an additional loss of precision, the extent of 
which is determined by the number of carbon atoms in the amino acid. The combined 
error associated with the determination of the correction factors and the molar ratio of 
derivative carbon to sample carbon is estimated using the equation: 
Equation 2.4 
where the subscript s denotes the standard used in the correction factor determination 
and sd is the derivatised standard. The errors associated with the 013C value 
determinations of amino acid TFAlIP esters are presented in Table 2.2 and error bars on 
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archaeological bone collagen amino acid 813C values in Chapters 5 and 6 are typically as 
shown in Table 2.2. 
Table 2.2. Errors associated with 813C value determinations of amino acid TFAlIP esters, 
accounting for a precision of ±O.1%O for IRMS analyses and ±O.3%o for GC-C-IRMS 














Sample cholesterol and amino acid quantifications were by GC, relative to the FlO 
responses to appropriate standard compounds. 
2.7.1 Cholesterol 
Bone cholesterol concentrations were calculated relative to the FlO response for n-
tetratricontane (C34 n-alkane). 
2.7.2 Amino Acids 
As a result of the different carbon skeletons of each amino acids their FlO response 
factors are variable, therefore identical peak areas are not obtained for each amino acid. 
To correct for this, a mixture of authentic amino acids of known concentration and the 
internal standard (y-amino-n-butyric acid) were subjected to GC analyses. An FlO 
correction factor was determined for each amino acid relative to the internal standard via 
the two following equations (Jones, 2002): 
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(Aaa/ Als) * Concentration of IS = Apparent concentration of aa Equation 2.5 
where AA denotes the amino acid, IS denotes the internal standard, and A denotes the 
GC peak area. Thus, 
Actual concentration of aa/Apparent concentration of aa = FlO correction factor 
Equation 2.6 
These correction factors were previously tested for their accuracy over a range of different 
concentrations (0.04 ~g ~1-1 to 0.2 I-1g I-1r\ and were shown to be consistent for each 
concentration (Jones, 2002). 
2.8 Statistical treatment of data 
Statistical data analysis throughout this research was performed using Microsoft® Excel 
2000 and the statistics software package Statistica 6 (StatSoft Inc., 23-25 East 13th Street, 
Tulas, Oklahoma, 7400104, USA). What follows is a brief summary of the statistical 
treatment of data employed in this thesis. 
2.8.1 Students t-tests 
The t-test assesses whether the means of two groups are statistically different from each 
other. The unpaired t-test determines whether two groups have the same mean where 
samples in the first group are not paired with samples in the second group. For example, 
in Chapter 5 adult male bone component 813C and 815N values are compared with adult 
females to determine the influence of gender in dietary choices. The null hypothesis that 
the mean 813C and 015N value for both samples was identical was utilised. If the resulting t 
value from the test is greater than the critical value (P = 0.05) then the null hypothesis is 
rejected and the means of the two groups are not significantly different at 95% confidence 
limits. The t-test requirements of (i) normal distributions, and (ii) equal variance of isotope 
values of the two samples were adhered to throughout this thesis. 
t=--;===== Equation 2.7 
where: 
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2 (n, -1)sf + (n2 -1)s~ 
sp = --------
n, + n2 -2 
X j = mean of sample i 
nj = number of subjects in sample i 
sf = variance of sample i 
2.8.2 Pearson product moment coefficients 
Linear correlations (or Pearson's product moment correlations) provide a measure of how 
close the relationship between the two variables (e.g. diet and bone component &'3C 
values) is to a straight line. The correlation coefficient (r) is a measure of how well the 
points fit to a straight line; values of r close to +1.0 or -1.0 indicate a close fit to a straight 
line and a strong correlation. R is calculated as follows: 
Equation 2.8 
2.8.3 Linear regression 
Linear regression is similar to correlation and can be used to produce an equation 
(Equation 2.9) to predict the values of one of the variables from the other (e.g. using bone 
apatite &'3C values to predict whole diet &'3C values). Regression is used when one of the 
variables (dependent variable X; e.g. whole diet) is considered to be reliably predicted 
from the other (independent variable Y; e.g. apatite). In regression the equation of the line 
of best fit through the pOints is calculated and the position of the line is chosen to minimise 
the sum of the squares of the residuals. 
y=mx+c Equation 2.9 
where m is the slope or gradient of the regression line, and c is the y -intercept. If m = 1 
then a perfect 1 : 1 relationship is manifested between the variables x and y. Results of 
linear regression are interpreted using R2 values (how well the points fit to aline). In 
Chapters 3 and 4, the relationship between observed bone/diet component &'3C values 
and those predicted from mathematical models are discussed, where R21 (= R2) is a 
measure of the correlation between observed and predicted values and R22 is a measure 
of the predicted values with reference to the x = y line. 
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2.8.4 Mean and standard deviation 
The standard deviation is a value of the scatter of a series of measurements about their 
mean value. The mean is the sum of a set of n measurements divided by n. 
LX Mean = ----- Equation 2.10 
n 
Standard deviation = 
-----(~-
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3.1 Objectives 
This chapter presents the results of the 813C analysis of bone cholesterol from pigs 
subjected to an isotopically-controlled feeding experiment. The primary aim was to 
investigate the dietary isotope signal of bone cholesterol 813C values in large omnivorous 
mammals, as models for humans. 
The specific objectives of this investigation were to: 
(i) Perform 813C analysis on tissue and dietary samples from a pig-feeding experiment: 
pig bone cholesterol (n = 75), whole diet (n = 14), dietary cholesterol (n = 14) and 
sow's milk cholesterol (n = 7). 
(ii) Investigate the dietary isotope signal of bone cholesterol in large omnivorous 
mammals. 
(iii) Probe the dietary signal of the bone cholesterol 813C values of lactating sows. 
(iv) Probe the dietary signal of the bone cholesterol 813C values of nursing piglets. 
(v) Probe the dietary signal of the bone cholesterol 813C values of adult pigs. 
(vi) Construct models for predicting long-term and short-term whole diet 813C values 
from bone apatite and choiesterol813C values, respectively, for application to 
palaeodietary reconstruction. 
(vii) Assess the accuracy of the long-term and short-term whole diet models via their 
application to the isotope values of rats subjected to an isotopically-controlled 
feeding experiment (Ambrose and Norr, 1993; Jim, 2000). 
3.2 Introduction 
3.2.1 Influences on the a13e values of bone cholesterol 
In order to comprehend the dietary signal of bone cholesterol 813C values, it is essential to 
address the biosynthetic pathways available to its occurrence in bone. Although the 
metabolism of cholesterol in the liver, serum and plasma has been thoroughly examined, 
little attention has been paid to its metabolism in bone (Jim, 2000). Cholesterol can be 
both synthesised de novo from its precursor acetyl CoA and directly incorporated from the 
diet. The biological pathway of cholesterol synthesis was discussed in Section 1.5.3.2, the 
most important point of which was that acetyl CoA is the common metabolite in the 
catabolism of dietary lipids, carbohydrates and proteins. Hence, bone cholesterol, if 
biosynthesised de novo should theoretically reflect the isotopic composition of the whole 
diet. Dezani (1913, 1914) first demonstrated the biosynthesis of cholesterol in rats reared 
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on cholesterol-free diets. The human body can synthesize approximately twice the 
amount of cholesterol consumed in the average Western European diet (Sabine, 1977), 
while roughly half of ingested cholesterol is excreted and half is absorbed in the body. 
Therefore, dietary cholesterol contributes to approximately 20% of total body cholesterol, 
and the remainder is necessarily derived from de novo synthesis. 
Further dietary factors also effect the accumulation of cholesterol in body tissues. Since 
coronary heart disease is the leading cause of morbidity and mortality in the Western 
world, much research has been conducted into the influence of dietary intake on the 
absorption of cholesterol because of the central role of hypercholesterolemia in coronary 
heat disease. High dietary cholesterol levels present in high-fat meat diets are typically 
associated with higher cholesterol absorption; however, this factor is governed by the type 
of dietary fats consumed. It has been shown in chickens, mice, monkeys and humans, 
that the w3-polyunsaturated fatty acids (PUFAs) eicosapentaenoic (EPA; C20:5 n-3) and 
docosahexaenoic acid (DHA; C22:6 n-3), present in high abundances in fish tissues, have 
hypocholesterolemic or cholesterol-lowering effects (Jeffery et aI., 1996; Ndiaye and 
Hayashi, 1996; Pauletto et aI., 1996; Gillotte et aI., 1998; George et aI., 2000; Ginzberg et 
aI., 2000). There is also much evidence that phytosterols present in vegetable oils and 
soybeans interfere with cholesterol absorption and thus also exhibit hypocholesterolemic 
effects (Glueck et aI., 1991a; Glueck et aI., 1991b; Glueck et aI., 1992; Hayes et aI., 2002; 
Nissinen et aI., 2002). While bone cholesterol 813C values of vegans should be governed 
by whole diet 813C values, consumers of high animal-fat diets may exhibit a contribution 
from dietary cholesterol in their bone cholesterol 813C values. 
3.2.2 Cholesterol turnover in bone 
Authors of preliminary investigations hypothesised that bone cholesterol 813C values could 
be utilised as short-term dietary indicators because of the rapid turnover rates of lipids in 
the body (Stott and Evershed, 1996). Research into the bodily turnover of cholesterol has 
typically concentrated on the plasma; however, the comparative turnover of different 
tissues has been investigated via radiolabelled tracer studies in animals (Goodman and 
Noble, 1968; Grundy and Ahrens, 1969; Perl and Samuel, 1969; Goodman et aI., 1973; 
Samuel and Lieberman, 1973; Parks et aI., 1977; Bhattacharyya and Eggen, 1980; Dell et 
aI., 1985). Interpretation of data from these experiments is typically performed using either 
compartmental (isotope kinetics) analysis or steroid balance (input-output balance). 
Compartmental analysis involves the concept of two (or three) cholesterol pools, one pool 
turning over rapidly, the other slowly, and the assessment of the cholesterol kinetics 
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between them. In a study of human cholesterol, the estimated 99% turnover times of 
different cholesterol pools in a compartmental analysis treatment were (in days): Pool 1, 
411.2 (slow); Pool 2, 76.2 (intermediate) and Pool 3, 20.7 (rapid) (Goodman et aI., 1973). 
A limitation of this method is that the compartments are mathematical rather than 
biochemical constructs, which represent the average values for numerous pools and 
numerous rates (Sabine, 1977). Steroid balance involves the determination of the faecal 
excretion of endogenous neutral and acidic steroids, the total of which should represent 
the total turnover of exchangeable cholesterol. The latter method is of limited use since it 
does not allow the study of tissue-specific cholesterol turnover rates. A more recent study 
using ingested [3.4-13C]cholesterol, estimated human plasma cholesterol turnover via GC-
C-IRMS analysis (Guo et aI., 1993). 
Thus far there has only been one experimental attempt to estimate the turnover rate of 
bone cholesterol. In order to estimate the comparative turnover rates of bone collagen, 
apatite and cholesterol, rats raised on isotopically-controlled diets were subjected to diet-
switches (Jim, 2000). Rats were reared from birth on either pure C3 or C4 diets were 
switched to the opposite diet (either pure C3 or C4) at 131 days and subsequently 
sacrificed at intervals of 40 days By comparing the bone component 013C values of the 
diet-switched animals to the control pure C3 and C4 members, the turnover rates of the 
three bone components were estimated. The data was fitted to the negative exponential 
equation: 
y= Ce-At + A Equation 3.1 
where Y denotes the bone component 013C value, C denotes the total change in bone 
component 013C value from a pure C3 to C4 diet (or vice versa), A denotes the rate 
constant that describes the turnover curve, t denotes the time (in days) since the diet-
switch and A denotes the asymptotic pure C3 or C4 bone component 013C value. A 
summary of the half-lives and 99% turnover times for the three rat bone components is 
shown in Table 3.1. When compared with the 99% turnover times calculated for bone 
collagen (6.9 yrs) and apatite (4.1 yrs), the more rapid turnover rate of cholesterol (0.8 yrs; 
289 days) was unambiguously shown. 
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Table 3.1. Bone collagen, apatite and cholesterol half-lives and 99% turnover times, from Jim 
(2000). 
Half-life (days) 99% Turnover time (year) 
Collagen Apatite Cholesterol Collagen Apatite Cholesterol 
C3 to C4 339.3 248.1 48.2 6.2 4.5 0.9 
C4 to C3 419.6 199.7 38.8 7.6 3.6 0.7 
Average 379.4 223.9 43.5 6.9 4.1 0.8 
Bone collagen, apatite and cholesterol turnover rates are undoubtedly very different in 
humans; however, this experiment revealed much about the relative rates of turnover of 
bone components and verified that bone cholesterol ()13C values may represent useful 
short-term dietary indicators. 
3.2.3 Previous animal-feeding experiments 
The development of bone cholesterol ()13C analysis as a palaeodietary reconstruction tool 
has been discussed in Section 1.5.3.2. A brief synopsis of the results of previous animal-
feeding experiments follows because the present pig-feeding experiment has evolved 
from such experiments. The first controlled-feeding experiment to include bone cholesterol 
()13C measurements were from the original experiments of Hare et al. (1991) and Mitchell 
et al. (1993) and consisted of pigs reared on pure C3 or C4 diets (Stott et aI., 1997). While 
pioneering, the experiment was basic in its design, because there was only one animal 
subjected to each diet, while neither diet contained any animal flesh or animal products. A 
subsequent more sophisticated experiment using rats refined this design by including 
mixed C3 and C4 energy and protein components, animal and marine protein sources, and 
diet-switch regimes to investigate bone component turnover rates (Ambrose and Norr, 
1993; Jim, 2000). 
The results of bone cholesterol 013C analysis of the pure C 3 and C 4 consumers from both 
experiments (illustrated in Figure 3.2 (a)) indicated that on monotonous diets, pig and rat 
bone cholesterol ()13C values reflect those of the diet, while negligible species-difference 
were apparent. While whole diet ()13C values were almost identical between the two 
experiments (~13CPig_Ratwholediet= -0.4%0 and -0.1%0, for the C 3 and C 4 diets, respectively) 
larger spacings were exhibited in bone cholesterol 013C values (~13CPig_Rat bone cholesterol = -
0.1%0 and 1.6%0, for the C3 and C4 consumers, respectively). Although the difference for 
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the C4 diet was considerable, it may have resulted from the differing dietary compositions: 
the protein source was animal (casein) for the rats and plant (soybean/corn) for the pigs. 
Alternatively, the difference may be attributable to metabolic differences between the two 
species and, as such, requires further investigation. An assessment of ~ 13CBone collagen-
Cholesterol values also indicated possible species-differences, with higher values observed 
for the rats (9.3 and 8.2%0) than the pigs (4.6 and 5.3%0) with respect to both the C3 and 
C4 diets (see Figure 3.2(b)). Although the dietary signals of bone collagen and cholesterol 
are known to differ and there were subtle dietary differences between the experiments, 
this explanation alone may not explain the differences exhibited in ~ 13CBone collagen-Cholesterol 
values. 
Despite the possible species-related differences in bone cholesterol (and other bone 
components) 813C values, the dietary isotope signal of bone cholesterol in rats was shown 
to reflect that of the whole diet (Jim, 2000). Linear correlation analysis indicated a 
significant relationship between whole diet and bone cholesterol 813C values (R2 = 0.87; 
Figure 3.1), highlighting the dependence of bone cholesterol 813C values on the isotopic 
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Figure 3.2. (a) Whole diet and bone cholesterol 8 ' 3C values, and (b) ~' 3CBonecollagen-cholesterol values, 
of pigs (blue symbols; Stott et aI., 1997) and rats (yellow symbols; Jim, 2000) raised on isotopically-
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3.2.4 Pigs as models for human metabolism 
There are several advantages in using the pig as a metabolic model for humans in dietary 
investigations: 
(i) Like humans, pigs are large omnivorous mammals. 
(ii) The morphology and physiology of several organ systems of humans and pigs, for 
example, the gastro-intestinal tract, show many similarities. 
(iii) Pigs have the same amino acid requirements for tissue growth and the same 
essential amino acids and fatty acids as humans. 
(iv) On diets dominated by maize, lysine availability limits the growth of both species. 
(v) Pigs also have no extensive dietary requirements for coat growth. 
(vi) Compared to small rodents, pigs can be kept under low-stress conditions quite 
easily, which is essential to health and growth. 
Pigs have been used for over 40 years as models for humans in research into cholesterol 
and lipoprotein metabolism. In pigs and humans the predominant blood borne cholesterol 
transporter is low-density lipoprotein (LDL). Comparison of serum lipoprotein metabolism 
between several species has indicated that the pig possesses the most similar physiology 
to humans. In addition, pigs naturally develop atherosclerosis on high saturated-fat diets 
in a similar manner to humans; in other species the disease has to be induced by artificial 
means. 
3.3 Pig-feeding experiment 
The pig-feeding experiment was undertaken between 1995 and 1997 at the USDA Growth 
Biology Laboratory, Beltsville, Maryland, by Dr Alva Mitchell in collaboration with Dr 
Suzanne Young of Harvard University and Professor Nikolaas van der Merwe of the 
University of Cape Town. 
3.3.1 Sample description 
The pig-feeding experiment was performed in laboratory pens at the USDA Agricultural 
Research Service at Beltsville, Maryland. First-generation female Poland China/Landrace 
weaned piglets were started on the controlled diets on reaching approximately 10 kg in 
Autumn 1997. They were over 150 kg on sacrifice in Summer 1998 and acquired over 
90% of their body weight whilst on the experimental diets. All 13 pigs were healthy on 
reaching maturity and were bred with Poland China males. Twelve of the sows produced 
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litters by Summer 1998. Second-generation animals were also reared on the experimental 
diets and were sacrificed at either approximately 10 kg or 100 kg. By Autumn 1998 63 
second-generation pigs had reached maturity and full sets of tissue samples were 
harvested from all 75 pigs, including first-generation sows and second-generation piglets 
(10 kg) and adults (100 kg). Table 3.2 presents the diets and ear tags allocated to first-
generation sows and second-generation piglets. Appendix 1 details the complete life 
histories of all animals included in this experiment. 
Pigs were originally housed in individual pens to make feeding easier and to prevent 
contamination problems, however this system delayed sexual maturation. As a result, 4 of 
the 14 first-generation sows did not become oestrus and a number of second-generation 
litters with more than two offspring were switched to the diets corresponding to these 
sows until they were sacrificed in adulthood (see Appendix 1). Second-generation piglets 
were sacrificed with their mothers at 59 ± 10 days of age. Pigs were labelled with 
numbered ear tags into three groups: First-generation sows were labelled 1 xx, second-
generation animals sacrificed at weaning (10 kg) were labelled 48xx and second-
generation animals sacrificed in adulthood (100 kg) were labelled 2xx. 
3.3.2 Dietary information 
The compositions and (513C values of the experimental diets and dietary components are 
presented in Table 3.3. The experiment comprised 14 diets with 5 naturally BC-Iabeled 
components in various distributions: wheat (C3 cereal), maize (C4 cereal), casein (C3), 
soybean meal (C3 plant) and Menhadden fish meal. All diets were formulated to contain 
20% protein with the exception of Diets 1 and 2, which contained 15 and 30% protein, 
respectively. All diets had a range of supplementary nutrients, including dicalcium 
diphosphate, calcium (limestone), plain salt, selenium, Mineral TM (Swine) and Vitamin 
Premix (Swine). 
There were five basic diet-types built into the experimental design each with a unique 
objective: (i) Diets 1 and 2 were formulated to investigate the effects of a high (30%) and 
low protein diet (15%) on the isotopic relationship between diet and bone components, (ii) 
Diets 3, 4, 5, 6, 11 and 12 consisted of C3 casein protein with mixed C.jC4 energy 
components in the ratio of approximately 7: 1, 5:3 and 3: 1 and vice versa, respectively, the 
aim of which was to simulate the introduction and spread of maize cultivation in the 
Americas, (iii) Diets 10, 13 and 14 contained marine protein with the energy components 
consisting of C4, C-jC4 (5:3) and C.jC4 (3:5), respectively, (iv) Diet 8 was a pure C3 diet 
(Le. C3 protein and energy components) to provide a value for a pre-maize food base in 
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America; a pure C4 diet was not included, and (v) Diet 7 and 9 contained the same C4 
energy component combined with an animal (C3 casein) and plant protein source (C3 
soybean), respectively, to assess the relative digestibility of each protein type. 
There was an insufficient supply of the C3 casein from New Zealand (813C -25.5%0) to last 
the duration of the experiment and the casein was accidentally substituted with casein 
from France where cattle were fed a partially C4 (maize) diet (813C -16.8%0). A number of 
the second-generation adults consumed this substitute casein; information relating to the 
dates and percentage weight gained on the French casein is presented in Appendix 1. 
Table 3.2. Details of first-generation sows and second-generation piglets (10 kg) reared on the 12 
~xperimental diets, from Young (2002). Male and female piglets are denoted by the symbols + and 
. , respectively. 
Diet Sow Piglets 
Diet 1 1458 
Diet 2 127 4894' 4896+ 
Diet 3 129 4801 '~ 4804':' 4803' 4807 
Diet 4 138 4855c' 4858' 
Diet 5 131 48323 4835+ 
Diet 6 132 4842: 4845' 
Diet 7 1338 
DietS 140 4860' 4862 ~ 4863 0' 4867' 
Diet 9 1398 
Diet 10 141b 
Diet 11 1438 
Diet 11 144 4812' 4814' 
Diet 12 147 4883'" 4888+ 
Diet 12 149 4823:'" 4829' 
8Animal did not become oestrus. 









Table 3.3. Diet compositions and (513C values, from Young (2002). 
Diet components Diet composition (% w/w) 
813C %C %N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Ground maize -12.2 39.3 1.3 84.5 65.8 10.3 30.4 50.0 69.2 78.1 63.8 74.1 20.3 59.3 27.8 46.3 
Ground wheat -27.4 40.1 1.6 71.8 50.7 30.0 9.9 82.9 60.8 15 46.3 27.8 
Casein -25.5 45.6 12.7 9.4 28.2 12.0 13.0 14.0 15.0 16.0 11.2 13.0 19.8 
Soybean meal -25.0 41.5 7.8 30.0 
Fish meal -18.7 41.5 9.9 23.0 23.0 23.0 
(11 Soybean oil -33.5 78.3 0.1 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 Itr 
-' Ca2P04 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
CaC03 +0.4 11.8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
NaCI 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Selenium 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
MineralsB ND ND ND 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Vitaminsb NO ND ND 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 




BMineral premix provided the following (ppm): MN, 100; Fe, 100; Cu, 10; Co, 1,3; Zn, 100. CD 0 
byitamin premix provided the following (per kg of diet): vitamin A, 4.4 mg; vitamin D, 800llg; riboflavin, 8.8 mg; panthothenic acid, 17.6 mg; niacin, :T 0 




Chapter 3 Exploring the Isotope Signal of Bone Cholesterol 
3.4 Diet and bone cholesterol concentrations 
Cholesterol concentrations (mg g"1) in diet and pig bones, categorized into first-generation 
sows, second-generation piglets and second-generation adults, are illustrated in 
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Figure 3.3. (a) Cholesterol concentration (mg g"1) in the diets (navy diamonds), first-generation 
sows (pink diamonds), second-generation piglets (blue diamonds) and second-generation adults 
(yellow diamonds), and (b) graph (a) scaled down to 0 - 2 mg g"1. 
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Dietary cholesterol concentrations ranged from 0.01 and 0.13 mg g.1, with a mean 
concentration of 0.05 ± 0.05 mg g-1. The marine diets displayed the highest concentration 
of cholesterol (mean 0.11 mg g-1). while the soybean protein diet had negligible 
cholesterol present. Thus. cholesterol concentration was demonstrated throughout to be 
directly dependent on the dietary protein type. Second-generation adult pig bones 
contained significantly lower concentrations of cholesterol (0.08 ± 0.05 mg g-1) than the 
other two categories. while first-generation sows exhibited a mean concentration of 
0.52 ± 0.29 mg g-1 and second-generation piglets exhibited an extremely high 
concentration of 1.73 ± 4.01 mg g-1. The reason for the low cholesterol in second-
generation adults is not known; however. there is now extensive evidence from studies on 
both pigs and humans that a high-cholesterol neonatal diet (such as sows' milk) may 
induce adaptive changes that enable the tolerance of high-cholesterol diets in adulthood 
without an abnormal increase in plasma cholesterol (Sabine, 1977; Bayley et aI., 2002; 
Owen et aI., 2002). 
The high mean concentration for second-generation piglets is slightly misleading as it is 
increased by the extraordinarily high concentration of the two piglets on Diet 2. who 
exhibited cholesterol concentrations 9.6 and 15.2 mg g-1. If this value is excluded the 
mean value for this category is reduced to 0.39 ± 0.27 mg g-1. The first-generation mother 
of the Diet 2 piglets exhibited the second highest cholesterol concentration of all 
consumers although it was substantially less than her piglets. The piglets consumed sows' 
milk rather than the adult Diet 2. and the higher cholesterol concentration in the milk has 
resulted in their higher bone cholesterol concentrations than their mothers. The most 
convincing explanation for high tissue cholesterol abundances associated with this diet is 
in its high animal protein abundance (30% casein), which has resulted in an increase in 
dietary cholesterol absorption (see Figure 3.4 for lipid distribution of Diet 2). This 
explanation is validated by the fact that Diet 2 had the next highest dietary cholesterol 
concentration to the marine diets. It is well established that diets rich in meat protein 
typically result in increased plasma and tissue cholesterol concentrations (Sabine. 1977; 
Coffee. 1998). It is of interest that the marine protein diets (Diet 10, 13 and 14) resulted in 
approximately 50% less consumer tissue cholesterol than Diet 2, despite cholesterol 
concentrations being consistently highest in the marine diets. Figure 3.3(b), scaled to 
exclude piglets on Diet 2, illustrates the low bone cholesterol concentrations of pigs raised 
on the marine diets relative to all other diet types. The same pattern has been observed 
previously in a rat-feeding experiment (Jim, 2000) and undoubtedly results from the 
hypocholesterolemic effects of the w3-PUFA EPA (C20:5 n-3) and DHA (C22:6 n-3; George 
et aI., 2000; Ginzberg et aI., 2000). 
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Figure 3.4 Partial gas chromatograms of (a) total lipid extract, (b) neutral fraction and (c) fatty acid 
methyl ester (FAME) fraction of Diet 2. 
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3.5 Isotopic composition of dietary components 
The experimental diets were formulated from bulk ingredients rather than purified 
macronutrients to avoid artificial problems related to dietary insufficiencies, and to 
simulate real human diets which typically contain more than one protein source (Young, 
2002). Purified macronutrients are convenient as they allow the isotopic composition of 
the dietary protein and energy to be directly measured; however, the utilisation of bulk 
ingredients allows the calculation of protein and energy .s13C values if the abundance and 
isotopic composition of protein and energy in each of the bulk ingredients is known. 
Dietary protein 013C values were previously estimated for each of the 14 diets during an 
investigation into the isotope signal of the pig bone collagen amino acids (Howland, 2003), 
and the method used is summarized in Table 3.4. 
Macronutrients Protein (%). Protein (%)b a13c protein 
Maize 11.8 10.0 -12.Sc 
Wheat 8.3 8.1 -2S.0c 
Casein 43.8 48.8 _2S.0d 
Soybean meal 88.7 79.4 -24.6c 
Fish meal 62.3 60.0 _17.Sd 
Table 3.4. Factors used in the calculation of protein (313C values, from Howland (2003). 
aFrom National Research Council (1998). 
bExperimentally determined using %N x 6.25. 
C013C values obtained from Tieszen and Fawe (1993a). 
dUpid-extracted casein and fish meal 01 C values measured at the University of Oxford. 
The precise 013C values of the energy in the 14 diets is more difficult to establish because 
dietary energy is comprised of both lipids and carbohydrates and no information on their 
isotopic composition was provided for the present analysis. However, the contribution of 
energy from the casein, fish meal and soybean meal, which were present in low 
abundances in the diets, is negligible. The majority of energy in all the diets was obtained 
from the maize and wheat components, and throughout Chapter 3 the term "energy" is 
used to describe the maize and wheat components of the diet. Whole diet, and dietary 
protein, "energy" and cholesterol 013C values are presented in Table 3.5. 
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Table 3.S. Whole diet, and dietary protein, energy and cholesterol ()13C values for the 14 diets. 
Whole Diet ProteinS Energyb CholesterolC 
Diet 1 -13.7 -19.0 -13.2 -20.8 
Diet 2 -15.8 -22.6 -13.2 -23.7 
Diet 3 -24.4 -24.4 -25.6 -24.0 
Diet 4 -20.5 -23.3 -22.1 -19.2 
Diet 5 -18 -22.2 -18.5 -19.2 
Diet 6 -15.9 -21.2 -15.0 -24.9 
Diet 7 -14.6 -20.8 -13.2 -18.7 
Diet 8 -25.7 -25.0 -27.4 -28.7 
Diet 9 -16.8 -21.4 -13.2 -20.4 
Diet 10 -15.5 -16.0 -13.2 -26.6 
Diet 11 -22.5 -23.3 -23.8 NO 
Diet 12 -16.8 -22.3 -16.7 -18.3 
Diet 13 -21.9 -18.6 -22.1 -24.7 
Diet 14 -19.7 -17.6 -18.5 -24.7 
80ietary protein 813C values are explained in Table 3.4. 
bOietary energy values correspond to whole wheat/maize components. 
COietary cholesterol 813C values were measured as TMS derivatives using GC-C-IRMS. 
3.6 Results of bone cholesterol s13e analysis 
The results of bone cholesterol 013C determinations are discussed under the following 
headings: first-generation sows, second-generation piglets and second-generation adults. 
These sub-divisions are necessary because of the substantial physiological and metabolic 
differences exhibited between lactating sows, growing piglets and mature adults. 
3.7 First-generation sows 
Four of the 14 sows did not become oestrus, and therefore their physiological and 
metabolic status at sampling was not comparable to the rest of the group who were 
lactating when sacrificed. The plasma and possibly total body cholesterol concentrations 
in lactating animals is known to be significantly higher than that of normal animals 
(Qureshi et aI., 1999). Notably, these 3 sows all consumed diets characteristic for their 
high maize and low wheat energy abundances. Diet 1 (145) comprised 84.5% maize, Diet 
7 (133),78.1%, and Diet 9, (139) 63.8%; however, Diet 1 was also a low protein diet, and 
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this may have contributed to this sow failing to produce a litter. Throughout this section 
discussion is restricted to the remainder of the group who did produce litters. 
First-generation sow bone cholesterol &13C values are listed in Appendix 2. Sow bone 
cholesterol &13C values were compared to whole diet and dietary cholesterol values to 
investigate the isotopic relationship between diet and bone cholesterol (Figure 3.S (a) and 
(b)). Dietary cholesterol was depleted relative to whole diet by 3.7 ± 4.S%o as a result of: (i) 
isotopic fractionation associated with lipid biosynthesis (DeNiro and Epstein, 1977), and 
(ii) the majority of the dietary cholesterol being present in the C3 casein. Sow bone 
cholesterol &13C values exhibited a much greater dependence on whole diet than on 
dietary cholesterol &13C values, indicating that the incorporation of dietary cholesterol into 
bone was not substantial (Figure 3.S (b)). ~13C Diet-Bone cholesterol values (-0.3 ± 4.1%0) ranged 
from -S.8 to 4.0%0, indicating the lack of relationship between the two components. ~ 13C 
Whole diet-Bone cholesterol values (3.3 ± 2.1 %0) exhibited a lower range and the depletion of tissue 
lipids is observed again as all bone cholesterol &13C values, with the exception of Diet 8, 
are depleted relative to whole diet &13C values. 
Linear correlation analysis was used to determine the relationship between dietary 
components (whole diet, and, dietary cholesterol, energy and protein) and bone 
cholesterol &13C values (Figures 3.6 and 3.7). No significant relationship was observed 
between either diet cholesterol (R2 = 0.02) or protein (R2 = 0.36) and bone cholesterol 
&13C values, however, a strong relationship was identified with respect to both whole diet 
(R2 = 0.78) and energy values (R2 = 0.78). It was previously hypotheSised that the pool of 
acetyl CoA used in tissue cholesterol biosynthesis is derived predominantly from dietary 
energy (lipids and carbohydrates) rather than protein (Sabine, 1977; Jim et aI., 2001). 
Thus, from linear correlation analysis, it was impossible to conclude whether the acetyl 
CoA used in cholesterol biosynthesis is derived mainly from dietary energy. It is important 
to consider that dietary energy (wheat and maize) constituted approximately 76.8% of the 
diets, which is typical of natural human diets. Thus, a strong correlation exhibited between 
bone cholesterol and whole diet cS13C values, should be accompanied by an equally strong 
relationship between bone cholesterol and dietary energy &13C values. 
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Figure 3.5. (a) Whole diet (yellow diamonds), diet cholesterol (pink diamonds) and sow bone 
cholesterol (blue squares) 013C values, and (b) ~13Cwholediet-Bonecholesterol (blue bars) and 
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Figure 3.7. Relationship between first-generation sow bone cholesterol and (a) dietary energy 013C 
values, and (b) dietary protein 013C values. Dashed line is the theoretical x = y line. 
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The relationship between whole diet and bone cholesterol 813C values was further 
investigated by examining trends in ~ 13CWhoie diet-Bone cholesterol values between diets. It was 
observed that diets containing high C 4 maize energy exhibited higher ~ 13CWhoie diet-
Bone cholesterol values (up to the extreme value of +5.5%0; Diet 11) than the remaining diets 
(Figure 3.8); thus, more depleted bone cholesterol 813C values were obtained than 
expected considering the large C4 energy input. If bone cholesterol 813C values strictly 
represented whole diet 813C values this pattern should not occur. This asymmetry 
between whole diet and bone cholesterol 813C values has previously been observed in a 
rat-feeding experiment, where it was concluded that differing cholesterol concentrations 
between diets resulted in differing rates of cholesterol absorption and incorporation into 
bone (Jim, 2000). As cholesterol in all of the diets, with the exception of Diet 10, derived 
from the C3 casein, the direct incorporation of dietary cholesterol could explain the large 
~ 13CWhoie diet-Bone cholesterol values for the high C 4 energy diets. Interestingly, Diet 10, which 
was also high in C4 maize energy (74.1 %) but contained fish meal rather than C3 casein 
protein also yielded a high ~13CWholediet-Bonecholesterol value (+5.4%0). The Diet 10 (fish meal) 
cholesterol 813C value (-24.7%0) was also very depleted, thus the high ~13CWholediet_ 
Bone cholesterol value appears to be attributable to the direct incorporation of dietary 
cholesterol into bone tissue. 
Figure 3.8. Relationship between dietary maize abundance and /)" 13CWhoie diet-Bone cholesterol values. 
Blue triangles represent C3 casein protein diets and the pink triangle represents fish meal protein 
diet (Diet 10). Dashed line is the theoretical x = y line. 
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The extent to which pregnancy and lactation have influenced the bone cholesterol 013C 
values of first-generation sows may be considerable. Pigs gain approximately 25 kg of 
maternal tissues during pregnancy (National Research Council, 1998), and an increase in 
plasma cholesterol abundance is also observed throughout pregnancy and lactation to 
meet the high cholesterol requirements for milk synthesis. There is considerable species 
differences in milk cholesterol concentrations; highest concentrations are observed in 
sows (14.5 mg L-1), while human milk contains 2 mg L-1 cholesterol (Sabine, 1977). There 
are three potential sources of cholesterol in milk: (i) synthesis in the mammary gland, (ii) 
synthesis elsewhere in the body, and (iii) directly incorporated from the diet (Ling et aI., 
1961). The extent to which increased synthesis or absorption of dietary cholesterol for 
milk cholesterol requirements would effect the source of cholesterol in the bones (or other 
tissues) of the lactating sow has not been studied. However, it could be hypothesised that 
the excess demand for cholesterol during lactation may increase the incorporation of 
dietary cholesterol into tissues, and result in the lack of a more significant correlation 
between bone cholesterol and whole diet 013C values (R2 = 0.78). It would also indicate 
that the large /113Cwhole diet-Bone cholesterol values observed in the high C4 energy diets are a 
result of direct incorporation of dietary cholesterol from the C3 casein. 
3.8 Second-generation piglets 
Second-generation piglet bone cholesterol 013C values are listed in Appendix 2. Sows' 
whole milk and milk cholesterol &13C values are presented in Table 3.6. The dietary signal 
of bone cholesterol &13C values in suckling piglets or breastfed human infants has not 
been previously assessed. Second-generation pre-weaned piglets derived their bone 
cholesterol from first-generation sows' milk, either via de novo synthesis from milk carbon 
or via its direct incorporation from the milk. Thus, in order to understand the dietary signal 
of piglet bone cholesterol we must first consider the dietary signal of both: (i) sows' whole 
milk, and (ii) sow's milk cholesterol. Sows' milk can be either synthesised de novo from 
bodily stores, synthesised immediately from dietary nutrients, or a combination of both. It 
is commonly observed that sows do not consume enough feed during lactation to provide 
the nutrients required for milk production, and bodily stores are necessarily mobilized for 
this purpose (National Research Council, 1998). This seems to be the case in this 
experiment, since sows lost weight during lactation (see Appendix 1). In a study of the 
origins of sows' milk fatty acids in this pig-feeding-experiment, it was concluded that non-
essential fatty acids (which are a major constituent of whole milk) principally originated 
from adipose tissue stores, which were originally synthesised de novo from whole diet 
carbon (Howland, 2003). Thus, the relationship between whole diet and sows' milk was 
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investigated using linear correlation analysis and a strong correlation was observed 
(Figure 3.9 (a); R2 = 0.98). 
The origins of sows' milk cholesterol was subsequently investigated. Milk cholesterol 
could have derived either: (i) directly from the experimental diets; (ii) via de novo synthesis 
in the body, or (iii) via de novo in the mammary gland (Ling et aI., 1961). In order to 
investigate the origins of sows' milk cholesterol, linear correlation analysis was performed 
between milk cholesterol 813C values and both whole diet and diet cholesterol 813C values 
(Figure 3.9 (b) and (c». The much stronger correlation exhibited for whole diet (R2 = 0.96) 
compared to diet cholesterol 813C values (R2 = 0.52) confirmed that milk cholesterol 
derives from de novo synthesis (via acetyl CoA), and thus represents whole diet carbon. 
This result is in good agreement with previous data on rats. It has been estimated that the 
diet contributes 11 % of cholesterol to milk in lactating rats, while both the blood and 
synthesis in the mammary gland can both contribute anywhere between 20% and 80% 
(Sabine, 1977). 
Second-generation nursing piglets derived their bone cholesterol carbon from first-
generation sows' milk either through de novo synthesis from milk carbon or through its 
direct incorporation from the milk. It has just been established that milk cholesterol was 
derived from de novo synthesis; however, in order to investigate the isotope signal of 
piglet bone cholesterol 813C values, linear correlation analysis was performed between 
bone cholesterol and both whole milk and milk cholesterol values (Figure 3.10 (a) and (b), 
respectively). Results were ambiguous as piglet bone cholesterol was shown to strongly 
correlate with both whole milk (R2 = 0.93, (a» and milk cholesterol 813C values 
(R2 = 0.91, (b». Therefore, in order to establish which component influenced bone 
cholesterol 813C values, bone cholesterol-to-milk component spacings were assessed. 
Figure 3.11 presents a graph of whole milk, milk cholesterol and piglet bone cholesterol 
013C values. The close relationship exhibited between bone cholesterol 813C values and 
both components can be seen in the minor bone cholesterol-to-milk component spacings 
(~13Cwhole milk-Bone cholesterol = 0.5 ± 0.9%0 and ~ 13CMilk cholesterol-Bone cholesterol = -1.0 ± 1.1 %0; Table 
3.6). 
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Figure 3.9. Relationship between whole diet and (a) milk cholesterol and (b) whole milk 813C 
values, and (c) diet cholesterol and milk cholesterol 813C values. Dashed lines represent the 
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Figure 3.10. Relationship between piglet bone cholesterol and (a) whole milk, and (b) milk 
cholesterol 813C values. Dashed lines represent the theoretical x = y line. 
65 
Chapter 3 Exploring the Isotope Signal of Bone Cholesterol 
However, for a number of reasons outlined below, it is appears that the origins of 
cholesterol in the piglet bones is via direct incorporation from sows' milk. Firstly, it is 
noteworthy that piglet bone cholesterol &13C values are typically more enriched than those 
of milk cholesterol. In diet-to-bone spacings observed for essential fatty acids (Jim et aI., 
2002) and amino acids (Jones, 2002) in rats, and essential fatty acids in this study 
(Howland et aI., 2003), the direct incorporation of the dietary compound into bone tissue 
was shown to produce enriched bone compound 013C values relative to the dietary value. 
In addition, it has been shown that dietary lactose is known to increase cholesterol 
absorption (Iritani and Takeuchi, 1969; Sabine, 1977) and sows' milk has an extremely 
high lactose content (18% lactose). Since sows' milk is very high in cholesterol, this 
possibly results in a reduction of de novo synthesis in suckling piglets. Although there is 
less cholesterol in human milk, a breast-fed infant is still supplied with almost six times the 
amount present in average adult diets (Jensen, 1999). It has been shown that high 
cholesterol intake in breastfed human infants reduces de novo synthesis, while low 
cholesterol intake in formula-fed infants stimulates endogenous synthesis (Bayley et aI., 
2002), and the same pattern has been observed in rats (Sabine, 1977). It is therefore 
likely that the primary source of bone cholesterol in second-generation piglets is via direct 
incorporation from sows' milk. 
Table 3.6. Relationships between whole milk, milk cholesterol and second-generation piglet bone 
cholesterol &13C values. Whole milk &13C values are reproduced from Young (2002). 
Piglet bone Milk 13 13C Diet Whole milk /!;. CWhole milk· /!;. Milk·Bone cholesterol cholesterol Bone cholesterol cholesterol 
2 -18.4 -18.2 -21.4 0.2 -3.0 
4 -22.8 -23.0 -22.9 -0.2 -0.1 
5 -20.9 -20.0 -22.0 0.9 -1.1 
6 -19.9 -17.8 -19.8 2.1 0.1 
8 -26.7 -25.9 -26.9 0.8 -0.2 
12 -18.5 -18.7 -20.4 -0.2 -1.9 
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Figure 3.11. Piglet bone cholesterol (pink diamonds), whole milk (yellow squares) and milk 
cholesterol 1)13C values (blue diamonds). The error bars on bone cholesterol 1)13C values represent 
the standard deviations between replicate piglets. Milk was not sampled from sows raised on Diets 
3 or 11. 
3.9 Second-generation adults 
Second-generation adult bone cholesterol 813C values are listed in Appendix 2. The 
second-generation adult bone cholesterol 813C values are somewhat adulterated because 
some animals were switched from the original New Zealand casein (813C -25.5%0) to a 
largely C4 French casein (813C -16.8%0) during the experiment. Those animals subjected 
to the diet switch gained an average of 54.9 ± 18.5% of their body mass on the French 
casein. Since cholesterol turns over quickly in bone, particularly in rapidly growing pigs, it 
is assumed that the new diets will have been fully expressed in bone cholesterol 813C 
values. Linear correlation analysis was performed between adult bone cholesterol and 
original whole diet 813C values in order to assess the impact of the protein switch 
(il13CNewzealand-Frenchcasein = 8.7%0) on bone cholesterol 813C values (Figure 3.12). A very 
strong correlation (R2 = 0.88) was shown despite the protein switch. Indeed, the 
correlation was stronger than that exhibited for first-generation sows and whole diet 813C 
values (R2 = 0.78). This result may provide evidence that the pool of acetyl CoA used in 
tissue cholesterol biosynthesis is derived predominantly from dietary energy rather than 
protein, as hypotheSised previously (Sabine, 1977). The similarities between the dietary 
signals of first-generation sow and second-generation adult bone cholesterol is indicated 
by the similar correlations obtained with dietary components; R2 values for the observed 
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relationships between the bone cholesterol 813C values of the three pig classes are 
presented in Table 3.7. 
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Figure 3.12. Relationship between second-generation adult bone cholesterol and whole diet 813C 
values. Dashed line is the theoretical x = y line. 
3.10 Bone cholesterol relationships between three pig groups 
First-generation sow, second-generation piglet and second-generation adult bone 
cholesterol 813C values were compared to identify potential differences occurring due to 
differences in their physiological and metabolic conditions, and in the case of the latter 
group, to identify whether the casein-switch influenced the isotopic composition of their 
bone cholesterol. Figure 3.13 presents t::.13CBone cholesterol-Bone cholesterol values between the 
three pig groups. The mean t::.13Csecond generation piglets-Adults value was minute (0.2 ± 0.3%0), 
while larger spacings were observed for t::.13CFirstgenerationsows-secondgeneratiOnPlglets (-0.9 ± 1.8%0) 
and t::.13CFirstgeneration sows-Second generation adults (-1.4 ± 1.8%0). Thus it was demonstrated that: (i) 
little difference existed between second-generation piglet and adult bone cholesterol 813C 
values, and (ii) first-generation sow 813C values were significantly depleted with respect to 
second-generation animals. The strong correlation exhibited between second-generation 
piglets and adults (R2 = 0.99) is illustrated in Figure 3.14 (c). Although the carbon in piglet 
bone cholesterol was shown to be derived from sows' milk cholesterol , the latter was 
shown to be derived from whole diet carbon , thus, the similarity between second-
generation piglet and adult 813C values is attributable to their similar dependence on 
whole diet 813C values. This result again highlights the lack of impact the accidental 
casein-switch had on adult bone cholesterol 813C values. In Section 3.7, the higher 
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~ 13C Whoie diet-Bone cholesterol values observed in the lactating sows on the high C 4 energy diets 
was attributed to the increased incorporation of dietary cholesterol from the depleted C3 
casein necessary to satisfy the large quantity of cholesterol required for milk production. 
This explanation appears to be verified by both : (i) the more depleted bone cholesterol 
013C values observed for first-generation sows than second-generation piglets and adults, 
and (ii) the less significant correlation with whole diet 813C values exhibited for the former 
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Figure 3.13. Mean differences in bone cholesterol 813C values between the three pig groups: 
/),.13C First generation sows-Second generation piglets (blue bars), /),.13C First generation sows-Second generation adults (pink bars) 
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Figure 3.14. Relationships in bone cholesterol 013C values between the three pig groups: (a) First-
generation sows and Second-generation piglets, (b) First-generation sows and Second-generation 
adults, and (c) Second-generation piglets and adults. Dashed lines represent the theoretical x = y 
line. 
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3.11 Relationship between bone cholesterol and apatite B13C values 
Bone apatite &13C values discussed in this thesis are reproduced from Howland (2003). 
Apatite &13C values were measured for only 60 pigs because 11 animals did not yield 
sufficient apatite for isotope measurements; 9 of these animals were piglets with only 
partially mineralised bones. Bone apatite &13C values are presented in Appendix 2. 
Bone apatite &13C values were consistently enriched with respect to whole diet, where 
mean ~13CBoneapatite-Wholediet values of 9.7 ± 1.0%0 in first-generation sows, 8.5 ± 0.9%0 in 
second-generation piglets and 10.1 ± 0.8%0 in second-generation adults were observed 
(Table 3.7). Despite the accidental casein-switch, a strong correlation was identified 
between bone apatite and whole diet &13C values. It was concluded that the magnitude of 
~ 13CBone apatite-Whole diet values was 1.2%0 less in piglets because of the depletion of whole 
milk with respect to whole diet &13C values by -1.6 ± 0.9%0 (Howland, 2003). Using linear 
correlation analysis, apatite was shown to correlate significantly with whole diet &13C 
values in first-generation sows (R2 = 0.91), second-generation piglets (R2 = 0.97) and 
second-generation adults (R2 = 0.95). Thus, bone apatite and bone cholesterol &13C 
values in the three pigs groups have been shown to exhibit a similar dependence on the 
isotopic composition of the whole diet (Table 3.7). 
Previous animal-feeding experiments have also shown that bone apatite can be used to 
estimate whole diet &13C values. These experiments have provided similar ~13CBoneapatite_ 
Whole diet spacings of 9.6%0 (DeNiro and Epstein, 1978), 9.0%0 (Tieszen and Fagre, 1993) 
and 9.5% in rodents (Ambrose and Norr, 1993). 
Table 3.7. Relationship between bone apatite and cholesterol, and whole diet 813C values. 
Bone component and whole 
diet R2 values 1l.13Cwhoie diet-Bone component (%0) 
Cholesterol Apatite Cholesterol Apatite 
First-generation sows 0.78 0.91 3.3 ± 2.1%0 -9.7 ± 1.0 
Second-generation piglets 0.95 0.97 2.0±1.1 -8.5 ± 0.9 
Second-generation adults 0.88 0.95 2.3±1.1 -10.1 ± 0.8 
3.12 Mathematical modelling to predict long-term whole diet B13C values 
Two decisive facts about bone apatite &13C values have been revealed from extensive 
animal-feeding experiments: (i) bone apatite &13C values reflect those of the whole diet 
(DeNiro and Epstein, 1978; Ambrose and Norr, 1993; Tieszen and Fagre, 1993; Howland, 
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2003) and (ii) bone apatite, like collagen, has a slow turnover rate, estimated to be 4.1 
years in rats (Jim, 2000). Thus, it was possible to exploit the results of the present pig-
feeding experiment to construct mathematical models from which long-term whole diet 
813C values may be predicted. This was done using the equation of the line (y = mx + c) 
resulting from linear regression analysis of whole diet and bone apatite 813C values (see 
Table 3.8). 
Table 3.8. Linear correlations between bone apatite and whole diet 013C values for the three pig 
groups. Equations of the line follow the form y = mx + c, where x and yare variables, m is the 
gradient of the line and c is the y intercept. 
Components of linear equation y = mx + c 
x y m c R2 
First-generation sows Apatite Whole diet 1.07 -8.99 0.91 
Second-generation piglets Apatite Whole diet 0.95 -8.84 0.97 
Second-generation adults Apatite Whole diet 0.89 -11.03 0.95 
Exploiting the relationship between first-generation sow bone apatite and whole diet 813C 
values a model to predict whole diet 813C values was constructed (Model 1): 
Equation 3.2 
Second-generation adult bone apatite also correlated strongly with whole diet 813C values, 
with fractionally larger ~ 13CWhoie diet-Bone apatite spacings (-10.1 ± 0.8) than observed for first-
generation sows (-9.7 ± 1.0). A similar model for predicting whole diet 813C values was 
constructed from the regression line for second-generation adults (Model 2): 
Equation 3.3 
Since bone apatite 813C values for first-generation sows and second-generation adults 
were practically identical, a strong correlation between the two groups was observed 
(R2 = 0.92; Figure 3.15). 
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Figure 3.15. Relationship between bone apatite 1)13C values obtained for first-generation sows and 
second-generation adults . Dashed line is the theoretical x = y line. 
Second-generation piglet bone apatite CS 13C values also correlated strongly with whole diet 
values; however, apatite 813C values for this group were slightly more depleted than those 
of the two adult groups as the carbon in piglet apatite was derived from 13C-depleted milk. 
Therefore, results from this group were not utilised in dietary model construction. 
3.13 Mathematical modelling to predict short-term whole diet B13C values 
Two Significant observations about bone cholesterol 813C values have been revealed from 
both a rat-feeding experiment (Jim, 2000) and the present experiment using pigs: (i) bone 
cholesterol 013C values typically reflect those of the whole diet, and (ii) bone cholesterol, 
unlike collagen and apatite, has a rapid turnover rate estimated to be 289 days in rats 
(Jim, 2000). Thus, it was possible to exploit the results of the present pig-feeding 
experiment to construct mathematical models from which short-term whole diet 813C 
values may be predicted. Again, this was done via linear regression analysis of whole diet 
and bone cholesterol 813C values (see Table 3.9). Ultimately, by comparing the predicted 
whole diet 813C values from bone cholesterol 813C values, with those predicted from 
apatite 813C values (in Section 3.12) temporal changes in whole diet CS13C values should 
be revealed. 
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Table 3.9. Linear correlations between bone cholesterol and whole diet 813C values for the three 
pig groups. Equations of the line follow the form y = mx + c, where x and yare variables, m is the 
gradient of the line and c is the y intercept. 
Components of linear equation y = mx + c 
x y m c R2 
First-generation sows Cholesterol Whole diet 1.59 16.78 0.78 
Second-generation piglets Cholesterol Whole diet 1.16 5.46 0.95 
Second-generation adults Cholesterol Whole diet 1.07 3.82 0.88 
The isotopic relationships between whole diet and bone cholesterol revealed in this pig-
feeding experiment were: (i) first-generation sow bone cholesterol &13C values largely 
reflected whole diet values; however, the lack of a strong correlation between diet and 
bone cholesterol (R2 = 0.78) was thought to reflect the increased incorporation of dietary 
cholesterol to meet the demands for cholesterol for milk production; (ii) second-generation 
piglet bone cholesterol was directly absorbed from mothers' milk; however, the strong 
correlation between piglet bone cholesterol and whole diet cS13C values (R2 = D.95), 
resulted from de novo synthesis of milk cholesterol from whole diet carbon; and (iii) 
second-generation adult bone cholesterol also correlated strongly with whole diet &13C 
values (R2 = 0.88), verifying its origins in de novo synthesis. Thus, the isotopic 
composition of sow bone cholesterol did not accurately reflect that of the whole diet, and 
as such, only second-generation piglet and adult bone cholesterol CS13C values were used 
to construct short-term whole diet models. 
A model for predicting whole diet CS13C values was constructed from the regression line for 
second-generation adults (Model 3): 
Equation 3.4 
As second-generation piglet bone cholesterol &13C values were shown to indirectly but 
accurately reflect whole diet CS13C values (via milk cholesterol values), a second model to 
predict whole diet &13C values was constructed (Model 4): 
Equation 3.5 
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Since bone cholesterol 813C values for second-generation piglets and adults were almost 
identical, an excellent correlation between the two groups was observed (R2 = 0.99; see 
Figure 3.13 (c)). 
3.14 Testing the models on data from a rat-feeding experiment 
To assess the accuracy of the dietary models constructed in Sections 3.12 and 3.13, it 
was necessary to apply them to isotope data obtained from an independent controlled-
feeding study. Bone cholesterol 813C values of control-fed animals have only been 
investigated in one previous study, a rat-feeding experiment; therefore, this experiment 
was selected to assess the accuracy of the models. The rat feeding experiment was 
designed by Professor Stanley Ambrose and was conducted at the University of Illinois. 
Whole diet and bone apatite 813C values are reproduced from Ambrose and Norr (1993) 
and bone cholesterol CS13C values are reproduced from Jim (2000). Holtzman albino rats 
were raised on a variety of isotopically distinct purified and pellatised diets in which the 
proportions of protein, starch, sucrose and oil varied. The diets were formulated to contain 
either: (i) pure C3 or pure C4 ingredients, (ii) mixed C3 protein/C4 energy or vice versa, (iii) 
20% marine protein and either C3, C4 or C3 & C4 energy, and (iv) 70% marine protein and 
either C3, C4 or C3 & C4 energy. Each diet had two consumers. The diet compositions and 
cS13C values are summarized in Table 3.10. 
It is important at the outset to outline two differences between the pig and the rat-feeding 
experiments: (i) there are potential metabolic differences between the two species, and (ii) 
purified dietary macronutrients were used in the rat experiment, whereas bulk natural 
ingredients were employed in the pig-feeding experiment. The latter point should not be 
problematic because both the long-term (via apatite) and short-term (via cholesterol) 
models relate to whole diet; differences in the dietary protein or energy compositions 
should not be influential if both bone apatite and cholesterol accurately reflect whole diet 
CS13C values. 
Following the procedure for estimating whole diet 813C values from bone apatite and 
cholesterol, long-term and short-term whole diet 813C values, respectively, were predicted. 
The observed and predicted long-term and short-term whole diet cS13C values observed 
using Models 1 and 2 (Equations 3.2 and 3.3), and Models 3 and 4 (Equations 3.4 and 
3.5), respectively, are presented in Tables 3.11 and 3.12. The relationships exhibited 
between observed and predicted long-term and short-term whole diet 813C values are 




Table 3.10. Rat feeding experiment diet compositions and 013C values. 813C values of individual components are reported in parentheses. Data ~ is reproduced from Jim (1993). 
Diet Composition Diet macronutrient 813C values (%0) 
Protein Energy Protein (20%) Sucrose (50.2%) Starch (15.5%) Oil (5.0%) Cellulose (5.0%) 
D24A C3 C3 Milk casein (-24.5) Beet (-24.2) Rice (-26.4) Cottonseed (-27.9) Wood (-17.0) 
D3G C3 C4 Milk casein (-26.3) Cane (-11.0) Corn (-10.3) Corn (-14.9) Corn (-17.0) 
D4H C4 C4 Milk casein (-14.6) Cane (-11.4) Corn (-10.6) Corn (-14.9) Corn (-16.9) 
051 C4 C3 Milk casein (-14.6) Beet (-24.2) Rice (-26.4) Cottonseed (-27.9) Wood (-16.9) Ia' 
" 0> D6J2 marine C3 Tuna fish (-17.8) Beet (-24.2) Rice (-26.4) Cottonseed (-28.3) Wood (-20.7) 
D7K2 marine C4 Tuna fish (-17.8) Cane (-11.3) Corn (-10.6) Corn (-15.0) Corn (-20.7) 
D8L2 marine C3 &C4 Tuna fish (-17.8) Beet & Cane (-17.6) Rice & Corn (-18.3) Cottonseed & Corn Wood & Corn (-20.7) 




D9J3 marine C3 Tuna fish (-17.8) Beet (-24.2) Rice (-26.4) Cottonseed (-28.3) Wood (-20.7) 10 
-OJ 
D10K3 marine C4 Tuna fish (-17.8) Cane (-11.3) Corn (-10.6) Corn (-15.0) Corn (-20.7) Ii 
(') 
':r 
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Table 3.11. Observed whole diet 013C values, predicted long-term whole diet 013C values (Model 1 
from Equation 3.2 and Model 2 from Equation 3.3) and t113Cobserved.Predicted values. 
Observed S13C Predicted long-term 13C 
values whole diet S1lC values A Observed-Predicted 
a13cWhoie a13Ceone S13CWhoie diet S13CWhoie diet 13C A 13Cobs_pre Diet A obs-Pre 
diet apatite (Model 1) (Model 2) (Model 1) (Model 2) 
C3 -25.2 -15.9 -26.0 -25.2 0.8 -1.2 
Cl -24.9 -14.0 -24.0 -23.5 -0.9 -2.7 
Cl -24.9 -15.0 -25.1 -24.4 0.2 -1.8 
C3P/C4 -14.7 -5.9 -15.3 -16.3 0.6 -0.2 
C3P/C4 -14.7 -5.8 -15.2 -16.2 0.5 -0.3 
C4 -12.2 -3.0 -12.2 -13.7 0.0 -0.5 
C4 -12.2 -3.2 -12.4 -13.9 0.2 -0.3 
C4 -12.2 -3.2 -12.4 -13.9 0.2 -0.3 
C4P/C3 -22.3 -13.2 -23.1 -22.8 0.8 -0.9 
C4P/C3 -22.3 -12.7 -22.6 -22.3 0.3 -1.4 
MP/C3 -23.3 -13.1 -23.0 -22.7 -0.3 -2.0 
MP/C3 -23.3 -13.7 -23.7 -23.2 0.4 -1.4 
MP/C3&C4 -18.3 -8.8 -18.4 -18.9 0.1 -1.1 
MP/C3&C4 -18.3 -8.4 -18.0 -18.5 -0.3 -1.5 
MP/C4 -12.9 -3.2 -12.4 -13.9 -0.5 -1.0 
MP/C4 -12.9 -3.7 -13.0 -14.3 0.1 -0.5 
70MP/C3 -19.4 -10.2 -19.9 -20.1 0.5 -0.8 
70MP/C3 -19.4 -10.4 -20.1 -20.3 0.7 -0.7 
70MP/C4&C3 -17.7 -8.5 -18.1 -18.6 0.4 -0.8 
70MP/C3&C4 -17.7 -8.4 -18.0 -18.5 0.3 -0.9 
70MP/C4 -16.0 -6.5 -16.0 -16.8 0.0 -1.0 
70MP/C4 -16.0 -6.7 -16.2 -17.0 0.2 -0.8 
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Table 3.12. Observed whole diet 813C values, predicted short-term whole diet 813C values (Model 3 
from Equation 3.4 and Model 4 from Equation 3.5) and L\13CObserved_PrediCled values. 
Observed l)13C Predicted short-term 
values whole diet l)1lC values Ii 13CObserved-predicted 
l)1lCwhole l)1lCBone a1lCWhoie diet a1lcWhoie diet Ii 1lCobs_pre 13C Diet A obs.Pre 
diet cholesterol (Model 3) (Model 4) (Model 3) (Model 4) 
Cl -25.2 -28.0 -26.9 -26.3 1.7 1.1 
Cl -24.9 -28.4 -27.4 -26.7 2.5 1.8 
Cl -24.9 -28.0 -26.9 -26.3 2.0 1.4 
Cl P/C4 -14.7 -20.3 -18.0 -18.0 3.3 3.3 
Cl P/C4 -14.7 -19.3 -16.9 -16.9 2.2 2.2 
C4 -12.2 -15.9 -12.9 -13.3 0.7 1.1 
C4 -12.2 -16.4 -13.5 -13.8 1.3 1.6 
C4 -12.2 -15.7 -12.7 -13.1 0.5 0.9 
C4P/C3 -22.3 -23.0 -21.2 -20.9 -1.1 -1.4 
C4P/C3 -22.3 -23.0 -21.2 -20.9 -1.1 -1.4 
MP/C3 -23.3 -24.9 -23.4 -22.9 0.1 -0.4 
MP/C3 -23.3 -26.7 -25.4 -24.9 2.1 1.6 
MP/C3&C4 -18.3 -22.7 -20.8 -20.6 2.5 2.3 
MP/C3&C4 -18.3 -20.9 -18.7 -18.6 0.4 0.3 
MP/C4 -12.9 -17.5 -14.8 -15.0 1.9 2.1 
MP/C4 -12.9 -18.6 -16.1 -16.2 3.2 3.3 
70MP/C3 -19.4 -23.9 -22.2 -21.9 2.8 2.5 
70MP/C3 -19.4 -23.6 -21.8 -21.5 2.4 2.1 
70MP/C4&C3 -17.7 -23.5 -21.7 -21.4 4.0 3.7 
70MP/C3&C4 -17.7 -22.1 -20.1 -19.9 2.4 2.2 
70MP/C4 -16.0 -22.9 -21.0 -20.8 5.0 4.8 
70MP/C4 -16.0 -22.6 -20.7 -20.5 4.7 4.5 
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Figure 3.16. Relationship between observed whole diet 813C values from the rat-feeding 
experiment and those predicted via (a) first-generation sow (Model 1), and (b) second-generation 
adult bone apatite 813C values (Model 2). Dashed line represents the theoretical x = y line. 
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Figure 3.17. Relationship between observed whole diet 813C values from the rat-feeding 
experiment and those predicted via (a) first-generation sow (Model 3), and (b) second-generation 
adult bone cholesterol 813C values (Model 4). Dashed line represents the theoretical x = y line. 
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R22 values were calculated between the data points and the x = y line to assess the 
accuracy of the predicted 813C values; the x = y line represents "predicted values = 
observed values". The R21, R22 and Ll13Cpredicted_Obsserved values for Models 1 - 4 are 
presented in Table 3.13. Linear correlation analysis demonstrated significant relationships 
between predicted and observed 813C values with respect to long-term whole diet (Models 
1 and 2, R21 = 0.99). The significant R22 values obtained for long-term whole diet values 
(Model 1, R22 = 0.99; Model 2, R22 = 0.98) confirmed the accuracy of both models, and is 
supported by the minor Ll13Cobserved-Predicted values of 0.2 ± 0.4%0 and 0.6 ± 0.8%0, for Models 
1 and 2, respectively. Thus, bone apatite 813C values accurately reflect the isotopic 
composition of the whole diet and Models 1 and 2 may be employed to provide an 
accurate estimation of whole diet 813C values. These models verify that there are no 
significant differences between small (rats) and large mammals (pigs) with respect to 
bone apatite 813C values. 
Table 3.13. Relationships and differences between observed whole diet 813C values and those 
predicted from bone apatite and cholesterol 813C values. R21 is a measure of the correlation 
between predicted values and observed values. R22 is a measure of the accuracy of the predicted 
values and is calculated with reference to the x = y line. 
Predicted whole diet a1lc values 
Long-term Long-term Short-term Short-term 
whole diet (1) whole diet (2) whole diet (3) whole diet (4) 
R21 values 0.99 0.99 0.87 0.87 
R22 values 0.99 0.98 0.89 0.89 
1lC f1 Observed-Predlcted 0.2 ± 0.4%0 0.6 ± 0.8%0 2.0 ± 1.6%0 1.8 ± 1.6%0 
An assessment of the short-term whole diet models (Models 3 and 4) demonstrated that 
they lacked the accuracy of the long-term whole diet models; nonetheless, significant 
correlations with observed values were shown (Models 3 and 4, R21 = 0.87). In addition, 
the R22 values (Models 3 and Model 4; R22 = 0.89) were also less accurate and were 
explained by the ~ 13CObserved_PrediCled values of 2.0 ± 1.6%0 and 1.8 ± 1.6%0, for Models 3 and 
4, respectively. The predicted whole diet 813C values were depleted because measured 
bone cholesterol 813C values were more depleted in the rats than in the pigs. The mean 
Ll13Cwholediet-Bonecholesterol 813C value for the rats was 4.0 ± 1.7%0 compared to 2.0 ± 1.1%0 
and 2.3 ± 1.1%0 in second-generation piglets and adults, respectively. Interestingly, the 
average ~ 13CWhoie diet-Bone cholesterol value reported from a previous pig-feeding experiment 
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was 2.6%0 which is more similar to the present pig data, however the dietary regime 
consisted of just a pure C 3 and a C 4 diet (Stott et aI., 1997). The ~ 13Cobserved-predicted values 
were particularly large for the 70% marine protein-fed rats (Model 3: 3.6 ± 1.2%0; Model 4: 
3.3 ± 1.2%0), which is probably attributable to the increased incorporation of dietary 
cholesterol, present in very high concentration in the 70% marine protein diets 
(0.70 to 0.81 mg g-l dry weight). The diets containing marine protein exhibited depleted 
cholesterol 813C values (-30.6%0) and as a result of the increased absorption of dietary 
cholesterol, higher ~ 13CWhoie diet-Bone cholesterol 013c values were exhibited. Whether this 
increased absorption of dietary cholesterol in high-cholesterol consumers occurs in 
animals other than rats or in humans is not known. 
If increased absorption does occur then Models 3 and 4 may not be appropriate for 
predicting short-term whole diet 013C values in human populations who consume very high 
marine protein or meat diets (e.g. Inuit Eskimos or pastoralists). Such dietary habits are 
extreme rather than normal and in most North European and American archaeological 
populations the majority of bone cholesterol undoubtedly derives from de novo synthesis. 
Higher l:!.13Cwhole diet-Bone cholesterol values were also observed for rats raised on the 20% 
protein diets (3.4 ± 1.5%0), with respect to both second-generation piglets (2.0 ± 1.1%0) 
and adults (2.1 ± 1.1%0). There are a number of possible explanations for this 
discrepancy: (i) differences in the balance between absorption of dietary cholesterol and 
de novo synthesis between rats and pigs, and (ii) differences in the isotopic fractionation 
processes associated with bone metabolism between large and small mammals. 
3.15 Summary 
This chapter has presented the results of an investigation into the dietary isotope signal of 
bone Cholesterol in large omnivorous mammals, via a controlled-feeding experiment using 
pigs. The principal findings of this research were: 
(i) First-generation lactating sow bone cholesterol 013C values reflected whole diet 
values; however, the partial incorporation of dietary cholesterol to satisfy the 
increased cholesterol requirements associated with lactation resulted in the only 
moderate correlation (R2 = 0.78). 
(ii) Second-generation piglet bone cholesterol was directly incorporated (with minor 
isotopic fractionation) from sows' milk; since cholesterol in the milk principally 
82 
Chapter 3 Exploring the Isotope Signal of Bone Cholesterol 
originated from de novo synthesis via whole diet carbon. piglet bone cholesterol 813C 
values reflected whole diet values (R2 = 0.95). 
(iii) Second-generation adult bone cholesterol 813C values reflected whole diet values. 
since the majority of bone cholesterol derived from de novo synthesis (R2 = 0.88). 
The results of bone cholesterol 813C analysis were combined with bone apatite 813C 
values to construct mathematical models using linear regression analysis to predict long-
term (via apatite 813C values) and short-term whole diet 813C values (via cholesterol 813C 
values). Two long-term whole diet models were constructed from first-generation sow and 
second-generation adult bone apatite 813C values (Models 1 and 2) and two short-term 
whole diet models were constructed from second-generation piglets and adults (Models 3 
and 4). Second-generation piglets were not subjected to long-term whole diet modelling 
because piglet bone apatite 813C values were depleted relative to other animals due to 
obtaining their carbon from 13C-depleted milk. while first-generation sows were not 
subjected to short-term whole diet modelling because sow bone cholesterol 813C values 
exhibited a higher incorporation of dietary cholesterol to satiSfy the demands for milk 
production. 
In order to assess the accuracy of the dietary models. bone apatite and cholesterol 813C 
values of rats subjected to a controlled-feeding experiment (Ambrose and Norr. 1993; Jim. 
2000) were fitted to Models 1 - 4 to predict long-term and short-term whole diet 813C 
values. respectively. The long-term whole diet models were shown to accurately predict 
whole diet &13C values; ~ 13Cobserved.Predicted values of 0.2 ± 0.4%0 and 0.6 ± 0.8%0 were 
observed for Models 1 and 2, respectively. The short-term models predicted less accurate 
whole diet &13C values, where ~ 13Cobserved_Predicted values of 2.0 ± 1.6%0 and 1.8 ± 1.6%0 were 
observed for Models 3 and 4, respectively. Predicted whole diet 813C values were 
particularly depleted for the 70% marine protein diets, resulting from the increased 
incorporation of dietary cholesterol. This finding for high protein/high cholesterol diets 
indicated that Models 3 and 4 may not be applicable to human populations where the 
consumption of very high animal/fish protein diets is suspected. However, even on the 
normal protein diets bone cholesterol 813C values were not as accurate in predicting whole 
diet 813C values, because of the higher ~ 13CWhoie diet-Bone cholesterol values exhibited in rats 
than pigs, and this may relate to inter-specific differences. The applicability and accuracy 
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of Models 1 - 4 to palaeodietary reconstruction will be assessed in Chapter 4, via their 
application to archaeological humans and fauna. 
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4.1 Objectives 
Having utilised the bone apatite and cholesterol &13C values of pigs subjected to an 
isotopically-controlled feeding experiment to construct mathematical models to predict 
long-term and short-term whole diet &13C values in Chapter 3, this chapter involves an 
assessment of the applicability of these models to palaeodietary reconstruction. Since the 
inception of animal-feeding experiments in the 1970s, the mathematical modelling of 
animal tissue isotope values has been integral to our understanding of the biochemistry 
and metabolism of bone components and their relationship to dietary components. 
However, such models are yet to be utilised routinely in the field of palaeodietary 
reconstruction. In addition, since such models have been constructed via controlled-
feeding experiments on various animal species, little attention has been paid to their 
relative applicability to humans and faunal species. Thus, in conjunction with the 
investigation of the dietary models constructed in Chapter 3, this chapter will in total 
assess 21 dietary and bone component predictive models constructed from three animal-
feeding experiments: (i) a mouse experiment performed by Tieszen and Fagre (1993), (ii) 
a rat experiment performed by Ambrose and Norr (1993) and (iii) the pig-feeding 
experiment performed by van der Merwe, Mitchell and Young (Young, 2002), as 
discussed in Chapter 3. The models will be assessed via their application to four 
archaeological groups (Groups A - D) from geographically diverse regions which comprise 
skeletal samples from male, female and juvenile humans and various terrestrial and 
marine fauna. 
4.2 Introduction 
The mathematical models to be assessed in this chapter were constructed from animal-
feeding experiments involving strictly isotopically-controlled dietary regimes; a review of 
animal-feeding experiments was provided in Sections 1.6 and 1.7. It was shown that the 
extent to which the bone component &13C values of archaeological human populations can 
be interpreted from mathematical models derived from animals subjected to controlled 
diets is governed by several factors, namely: (i) the species utilised in the experiment, (ii) 
the qualitative and quantitative compOSition of the diets, and (iii) the age, physiology and 
health of the animals. Similarly, the age, physiology and health of the archaeological 
populations also govern their isotope values, in addition to the climate and environment 
from which they originate. Such factors must be thoroughly assessed in the application of 
mathematical models to palaeodietary reconstruction; what follows is a brief review of the 
factors governing the applicability of mathematical models to palaeodietary reconstruction. 
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4.2.1 Metabolic differences between species 
An extensive range of animals have now been subjected to isotopically-controlled dietary 
regimes to enable accurate interpretations of fossil bone tissue stable isotope values. 
These include nematodes, moths, brine shrimp, weevils, mice (DeNiro and Epstein, 1978, 
1981; Tieszen and Fagre, 1993), rats (Ambrose and Norr, 1993) and larger omnivorous 
mammals, such as pigs (Hare et aI., 1991; Mitchell et aI., 1993; Young, 2002). The 
primary differences that may exist between species that are relevant to palaeodietary 
reconstruction are: (i) metabolism and (ii) tissue turnover rates. For example, the 
metabolism of larger wild animals adapted to herbivory or carnivory, differs greatly to that 
of small rodents. In a controlled-feeding experiment using mice, lower 813CBone apatite-Whole diet 
values (8.4 to 9.7%o) were observed (Tieszen and Fagre, 1993) than were reported for 
wild herbivores and carnivores (ca. 12%0; Krueger and Sullivan, 1984), and reported 
~ 13COiet_Bone oollagen values have typically been higher for larger mammals than small rodents 
(Ambrose and Norr, 1993). 
Aside from obvious anatomical, physiological and biochemical differences between 
humans and other animals, humans are further distinguishable from other animal species 
in their enormously varied diet (Sabine, 1977). Being omnivorous, small rodents and pigs 
are best able to adapt to diets with a wide range of protein and energy concentrations. 
Rats are routinely used to model humans in nutritional and biomedical research, and are 
ideal for feeding experiments due to their short life spans and growth patterns (Ambrose 
and Norr, 1993). Despite conceding that they were "not the best analogues of humans" 
Tieszen and Fagre (1993) utilised mice as subjects for an animal-feeding experiment 
because of the necessity for thoroughly equilibrated animals. The suitability of the pig in 
modeling human metabolism is well-established: (i) they are large omnivorous mammals 
with very similar digestive physiologies to humans, (ii) they have the same essential 
amino acid and fatty acid requirements as humans, and (iii) they also have no extensive 
dietary requirements for coat growth. 
4.2.2 Influences of dietary composition (qualitative) 
The dietary regimes utilised in animal-feeding experiments greatly influence the isotopiC 
relationship between dietary and bone components. Typically, either purified formulated 
macronutrients or a combination of bulk ingredients are utilised. Tieszen and Fagre (1993) 
used bulk ingredients (wheat bran, corn oil, soya oil, etc.) rather than purified 
biochemicals in an experiment on mice in an effort to avoid artificial problems related to 
dietary insufficiencies, or the dependence on limited mixtures of proteins and fatty acids 
contained in highly purified diets. Contrarily, Ambrose and Norr (1993) utilised purified 
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dietary macronutrients in their rat-feeding experiment in order to enable an accurate 
assessment of the effects of macronutrients with varying isotopic composition on rat tissue 
013C values. Although purified macronutrients, i.e., pure protein and energy sources with 
distinct 013C values, allow an accurate insight into the fate of these dietary macronutrients 
in bone tissue, they do not accurately reflect real human diets. Real human diets contain 
more than one protein source (plant and animal) that may be differently routed to human 
tissues; the availability of only one protein or energy source is extremely unlikely even in 
herbivores or vegetarians. 
The nutritional value of dietary proteins is governed by: (i) the abundance and distribution 
pattern of their constituent amino acids, and (ii) their bioavailability, i.e. the proportion of 
amino acids available for metabolic utilization (Young and Pellett, 1991). Thus, the 
indigestibility of particular foods utilised in animal feeding-experiments (and consumed by 
archaeological populations) may render them invisible in the consumer's bones. For 
example, consumer isotope signatures may be more weighted towards the animal than 
plant proteins in diets for several reasons: (i) the higher protein content of meat compared 
to plants and cereals, (ii) the deficiency of many plant proteins in one or more essential 
amino acids, and (iii) the fibrous protein structures of plants are typically not fully utilised, 
as peptide chains remain intact through the digestive process (Young, 2002). Protein 
digestibility is further affected by food processing prior to ingestion. In an investigation into 
egg protein digestibility in humans using 13C and 15N-labelled egg proteins, Evenepoel and 
co-workers (1998) demonstrated that cooked egg protein had a much higher true ileal 
digestibility (90.9%) compared to raw egg protein (51.3%). 
4.2.3 Influences of dietary composition (quantitative) 
The relative abundances of dietary protein and energy components necessarily influence 
the balance between incorporation of dietary carbon into consumer tissues and de novo 
synthesis, particularly with respect to bone collagen amino acids. For example, low protein 
consumers must utilise energy carbon for bone collagen synthesis. In an investigation of 
rats subjected to a low protein manioc diet (2%), Kennedy (1988) calculated that dietary 
energy contributed 41 % of the carbon to their bone collagen. The majority of controlled-
feeding experiments from which mathematical dietary models derive utilised animals 
subjected to normal protein (ca. 20%) diets (Hare et aI., 1991; Ambrose and Norr, 1993; 
Jim, 2000; Jones, 2002; Young, 2002). Although the effects of high and low protein diets 
on bulk bone component 013C values have been investigated to a certain extent (Tieszen 
et aI., 1983; Ambrose and Norr, 1993), the influences of dietary intake on individual bone 
compounds has yet to be elucidated. Bone cholesterol (Jim, 2000) and collagen amino 
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acid 613C values (Jones, 2002) of rats raised on 20% protein diets were utilised to create 
mathematical models to predict dietary component 613C values for application to 
palaeodietary reconstruction. However, such models may not be applicable to humans 
who consumed high-protein diets, because the direct incorporation of bone collagen non-
essential amino acids may be energetically more efficient than de novo synthesis. 
4.2.4 Implications of age, physiology and health 
Protein metabolism is complex and is governed by several factors, including nitrogen 
balance, health, lifestyle and age (Coffee, 1998). The nitrogen balance of an individual 
ultimately affects the fate of the dietary protein and energy components consumed. 
Nitrogen balance occurs when the nitrogen derived from the diet is equal to that excreted 
from the body. Positive nitrogen balance (PNB) occurs when nitrogen intake exceeds the 
amount excreted and is present during periods of growth, pregnancy, lactation and 
recovery from metabolic stress (Coffee, 1999). As rapidly growing juveniles are in PNB, 
the relative balance between direct incorporation and de novo synthesis of non-essential 
amino acids into body proteins is likely to differ from that of adults who are in nitrogen 
balance. Negative nitrogen balance (NNB) occurs when nitrogen intake is less than 
nitrogen loss from the body, and is observed when dietary protein or an essential amino 
acid is lacking, or during metabolic stress such as malnutrition, starvation or post-trauma 
(Coffee, 1999). Again the state of NNB may impact bone tissue 613C values, since dietary 
energy carbon would be necessarily utilised in protein synthesis and, hence, expressed in 
bone collagen amino acid 613C values. Age is also known to influence bone collagen 
amino acid 613C values. Certain amino acids, i.e. arginine, histidine and proline, are 
essential during rapid growth in childhood, to meet their requirements for growth and 
maintenance (PNB) (Bertolo et aI., 2000), and hence during childhood reflect the 
corresponding dietary amino acid 013C value. Consequently, in adulthood these amino 
acids are no longer essential to growth and can either be biosynthesised de novo or 
directly incorporated from dietary sources. This group of amino acids, which also includes 
glycine, serine, cysteine and tyrosine, are classified as conditionally essential (Frayn, 
1996). Table 4.1 presents the amino acids found in bone collagen, classified as essential, 
conditionally essential and non-essential. 
4.2.5 Rates of turnover of specific tissues 
Bone undergoes constant re-modelling via two opposite processes: (i) the formation of 
new bone by osteoblasts, and (ii) the resorption of old bone by osteoclasts. The rate of 
bodily tissue turnover is specific to individual tissues (Frayn, 1996). In an isotopically 
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controlled diet-switch experiment, Tieszen and co-workers (1983) reported that more 
metabolically active tissues in gerbils, such as the liver and fat, turned over more rapidly 
than less metabolically active tissues such as hair; similar findings have been reported 
with respect to pigs (Mitchell et aI., 1993). In humans there is a continual turnover of 
bodily proteins, the majority of proteins in the body are continually being synthesized from 
amino acids and degraded back to them (Benyon, 1998). The amount of protein in the 
body pool is constant, thus the rate of protein synthesis is equal to the rate of breakdown, 
and in an average healthy 70 kg human approximately 300 g of protein is both 
synthesised and degraded daily. Total body protein is turned over at a daily rate of 1 to 
2%, however, individual proteins have different rates which are primarily controlled by 
their bodily function (Benyon, 1998). 
Table 4.1. Amino acids in bone collagen and their percentage contribution of carbon, from 
Vaughan (1981). The residue compositions per 1000 are shown in parentheses and (C) denotes 
conditionally essential amino acids. 
Non-essential Atom % Essential Atom % 
Glycine (C) (327) 16.9 Lysine (29) 4.5 
Proline (C) (113) 14.7 Leucine (23) 3.6 
4-Hydroxyproline (100) 13.0 Phenylalanine (14) 3.3 
Glutamate (65) 9.7 Valine (19) 2.4 
Alanine (119) 9.3 Threonine (20) 2.1 
Arginine (C) (51) 7.9 Isoleucine (11) 1.7 
Aspartate (45) 4.7 Methionine (8) 1.1 
Serine (C) (28) 2.2 Histidine (C) (5) 0.7 
TyrosineB (C) (5) 1.1 
Hydroxylysine (6) 1.0 
3-Hydroxyproline (2) 0.2 
sryrosine can be synthesised but as its biosynthetic precursor is essential (phenylalanine), it 
becomes essential when dietary phenylalanine is lacking. 
Bone collagen, which is a structural protein, is known to have a long half-life (t1l2) although 
the precise length of the half-life in humans is not known (Coffee, 1999). The turnover rate 
of bone tissues have been estimated from experiments on animals. The half-life of bone 
collagen in laboratory-fed gerbils subjected to a diet switch was estimated to be 
approximately 60 days (Tieszen et aI., 1983), corresponding to a 99% turnover time of 
400 days (Jim, 2000). In an experiment on rats, the 99% turnover time for bone apatite 
(4.1 years) was estimated to be similar but slightly faster than that of collagen (6.9 years; 
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Jim, 2000). However, results of turnover rate experiments on small rodents are not directly 
applicable to humans, because the latter exhibit much higher metabolic rates, and 
consequently more rapid tissue turnover rates. Data from human subjects may be more 
reliable. Using a 14C tracer which was introduced into the atmosphere during nuclear 
weapons testing in the 1950s, the turnover rate of human bone collagen was estimated to 
be 10 - 30 years (Libby et aI., 1964). However, more recently there is evidence that 
human and rodent bone contains at least two pools of Type I collagen with differing 
turnover rates (Babraj et aI., 2002). The results of C3C]proline and C3C]leucine "flooding 
doses" on human subjects indicated that a sparingly cross-linked acetic-acid-soluble pool 
(immature pool) was synthesised more quickly than a fully cross-linked pool (mature pool). 
It has been shown that lipids and skin exhibit very quick turnover rates (Tieszen et aI., 
1983; lacumin et aI., 1998). The turnover rate of bone cholesterol was discussed in 
Section 3.2.2. Cholesterol was shown to turn over in bone much more rapidly than 
collagen and apatite, exhibiting a 99% turnover time of 289 days (Jim, 2000). However, 
the turnover rate of bone cholesterol in larger animals and humans is not yet known, 
although human plasma cholesterol turns over in approximately 60 days (Guo et aI., 
1993). 
4.2.6 Influence of age and health on bone tissue rates of turnover 
The process of bone remodelling via formation and resorption is necessary for the normal 
development and maintenance of the skeleton. During childhood growth and positive 
nitrogen balance protein turnover is extremely rapid. In a feeding-experiment using pigs, 
Mitchell and co-workers (1993) concluded that the rate of tissue synthesis was governed 
by both (i) the size, and (ii) the growth rate of each individual. There is also direct 
evidence for the influence of age on the rate of bone turnover in humans. Using human 
bone 9OSrfOCa and 9OSr/88Sr ratios it was estimated that skeletal turnover decreases from 
100% for 0 - 1 years, to 10% in older juveniles and drops to 1 % in the cortical long bones 
in adulthood (Bryant and Loutit, 1964). However, bone collagen turnover in rapidly 
growing children is heavily impacted by ill-health; in a study of Nigerian children, an 
elevated rate of Type I collagen turnover was observed in children with calcium-deficiency 
rickets (Sharp et aI., 1997). 
4.2.7 Diagenetic alteration of archaeological bone 
The final major consideration in extrapolating ancient human diet from mathematical 
models derived from animal-feeding experiments is the impact of diagenesis on 
archaeological bone samples. Implicit in the initial application of stable isotope analysis to 
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archaeological bone was the assumption that burial diagenetic processes would not affect 
the isotopic integrity of residual collagen and apatite (van der Merwe and Vogel. 1977; 
Schoeninger et al.. 1983a. b; DeNiro and Hastorf. 1985). However. collagen has a 
characteristic amino acid composition. and each collagen amino acid has a unique 13C 
and 15N composition. Therefore. the loss of any amino acid. particularly those present in 
high abundance in collagen. would dramatically affect bulk collagen 813C values. For 
example. since glycine contributes one in every three amino acid residues to collagen. 
and is enriched relative to bulk collagen by approximately 8%0. its diagenetic loss would 
result in more depleted bulk collagen c)13C values (Tuross et al.. 1988). 
Concerns over the isotopic integrity of bulk collagen c)13C values lead to the establishment 
of a protocol to assess diagenetic alteration (DeNiro and Hastorf, 1985; Ambrose. 1990; 
van Klinken, 1999). There are now three standard criteria for assessing the indengeneity 
of archaeological bone collagen, namely: (i) C/N ratios, (ii) collagen yields, and (iii) amino 
acid distributions. Modern bone collagen typically exhibits an atomic ratio of 3.21 
(Ambrose, 1990), although C/N ratios of archaeological collagens are rarely that accurate 
and the acceptable range is between 2.9 and 3.6 (DeNiro, 1985). Modern bones contain 
approximately 15 - 20% collagen by dry weight (Ambrose, 1990). However, fossil bones 
typically contain considerably less (0 - 15%), owing to collagen degradation in the burial 
environment (Ambrose and Norr, 1993). Modern bone collagen has a characteristic amino 
acid distribution: almost one-third of its residues are glycine, and between 15 - 30% are 
proline and 4-hydroxyproline. High performance liquid chromatography (HPLC) and GC 
analyses can be performed to assess the integrity of archaeological bone collagen amino 
acid distributions. 
The application of c)13C analysis to bone apatite carbonate is controversial because of 
concerns over the loss of isotopic integrity of archaeological apatite, which may result 
from diagenetic alteration of structural carbonate. Archaeological bone apatite may be 
contaminated by exogenous sedimentary carbonates, either by acting as pore-fitling 
cements or via their adsorption to crystal surfaces (Krueger, 1991). Apatite is also 
susceptible to leaching by groundwater because it contains many complex carbonates 
and phosphates. Contamination by secondary carbonates can be removed by leaching 
with a dilute acid (Koch et aI., 1997); however, post-mortem re-crystallisation is more 
difficult to eliminate. Bone apatite is very exposed to recrystallisation because of the small 
size of its crystals and high organic content. Contrarily, tooth enamel apatite is thought to 
be less susceptible to recrystallisation because of it larger crystal sizes and lower organic 
content (Lee-Thorp and van der Merwe, 1987, 1991). 
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Bone cholesterol is typically detected in conjunction with degradation products, particularly 
5a- and ~-cholestanol and cholest-5-en-7-one-3~-0I, indicative of microbial reduction 
under anaerobic and aerobic conditions in the soil, respectively (Evershed et aI., 1995). In 
a weathering degradation experiment in the semi-arid savannah region of Amboseli in 
Kenya it was shown that where sufficient bone cholesterol survived for stable isotope 
analysis, (513C values were unaffected by weathering (Koch et aI., 2001). 
4.2.8 Mathematical modelling of bone ~13C values 
4.2.8.1 Models developed from field experiments 
The pioneering dietary model of Krueger and Sullivan (1984), which was theoretically 
derived, utilised qualitative spacings (~13CBone collagen-Diet, ~ 13CBone apatite-Diet. ~ 13CBone apatite-
Collagen) to model the isotopic relationship between dietary and bone components. The 
model was constructed to predict dietary habits in herbivores, omnivores and carnivores, 
and was shown to fit well to observed bone component cS13c values of these animals in 
the wild. Carnivores exhibited smaller ~ 13CBone apatite-Diet values possibly because they 
derived much of their dietary energy carbon from depleted animal flesh lipids. This model 
was subsequently refined via an empirical model derived from studies on African faunal 
species of well-characterised trophic levels and dietary intake (Lee-Thorp et aI., 1989). 
The major advancement here was a hypothesised fractionation between herbivore flesh 
and carnivore collagen, of 2 to 2.5%0. In addition, ~13CBoneapatite-Diet values of +12%0 were 
observed for both herbivores and carnivores. The function of ~ 13CBone apatite-Collagen spacings 
in both models was to enable an estimation of the abundance of (meat) protein in the diet. 
The two models are summarised in Table 4.2. The fractionation between diet and bone 
collagen and apatite has been estimated from many other uncontrolled studies on the 
bones of animals and humans with well-defined dietary habits (Vogel and van der Merwe, 
1977; Vogel, 1978; Sullivan and Krueger, 1981; Chisholm et aI., 1982; van der Merwe, 
1989). The average spacings from the latter investigations (~13CBone collagen-Diet = 5%0, 
~13CBone apatite-Diet = 12%0) have been in good agreement with both models (Krueger and 
Sullivan, 1984; Lee-Thorp et aI., 1989). Indeed, the significance of both models is evident 
in the number of palaeodietary investigations to which they have been applied (van der 
Merwe, 1978; Schwarcz et aI., 1985; Katzenberg, 1989; Lubell et aI., 1994; 
McGovernWilson and Quinn, 1996; Cerling and Harris, 1999). 
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Table 4.2. Theoretical models for carbon isotopic fractionation between diet and bone collagen and 
apatite, in herbivores and carnivores, where X denotes the 813C value of the herbivore diet, Model 
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4.2.8.2 Models developed from animal-feeding experiments 
It is natural that more accurate and reliable dietary models can be derived from controlled 
animal-feeding experiments. The results of three controlled-experiments, designed to 
probe the dietary signals of bone collagen and apatite, were also used to develop 
qualitative models (~13CBone collagen-Whole diet. ~ 13CBone apatite-Whole diet, ~ 13CBone apatite-Collagen 
spacings) to model the relationship between diet and bone components (DeNiro and 
Epstein, 1978; Tieszen et aI., 1983; Ambrose and Norr, 1993). The principal divergence 
from the field models derived from larger animals was in the smaller ~ 13CBone apatite-Whole diet 
spacings observed in rodents (8.4 to 9.7%0). Quantitative modelling using linear regression 
analysis have also been used to predict dietary component &13C values (Ambrose and 
Norr, 1993; Tieszen and Fagre, 1993). With the emergence of compound-specific isotope 
analysis, further qualitative models were constructed to predict short-term whole diet &13C 
values (~13CBoneapatite-Cholesterol spacings), while quantitative models were developed to 
predict whole diet, and dietary protein and energy &13C values, from rat bone collagen, 
apatite and cholesterol &13C values (Jim, 2000). Bone collagen amino acid &13C values 
from the same rat-feeding experiment were later used to construct quantitative models for 
predicting whole diet (long-term and short-term) and dietary protein and energy &13C 
values and quantitative models were developed to predict bulk bone collagen and apatite 
&13C values (Jones, 2002). 
4.2.8.3 Applications of models to palaeodietary reconstruction 
Owing to ethical restrictions such feeding experiments cannot be performed on human 
subjects; therefore, the most appropriate means of examining the applicability of models 
from animal feeding-experiments to humans, is via the analysis of the skeletal remains of 
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archaeological human populations. Typically, models created from animal-feeding 
experiments have been tested on a small faunal or human population in order to validate 
their utility. Ambrose et al. (1997) utilised a refinement of his d 13CBone apatite-Collagen 
qualitative model in an investigation of human diet in the Marianas archipelago, 
Micronesia. The qualitative and quantitative models of Jim (2000) were assessed via their 
application to archaeological human populations in the Illinois River Valley, USA, where 
d 13CBone apatite-Cholesterol values revealed that short-term whole diet 813C values were enriched 
with respect to long-term whole diet values, probably resulting from the consumption of 
indigenous C4 plants prior to the introduction of maize into the region. Similarly, dietary 
and bone component 813C values of faunal species from Qasr Ibrim, Egypt were predicted 
with comparative success using the rat bone collagen amino acid models (Jones, 2002), 
however the applicability of these models in reconstructing human diet has yet to be 
assessed. Thus, the majority of models have only been tested on one or two 
archaeological populations and are yet to be widely utilised in palaeodietary 
reconstruction. 
4.2.8.4 How do mathematical dietary models work? 
As described in Section 1.7, two types of mathematical models have typically been 
constructed as an aid to palaeodietary reconstruction: (i) qualitative models, and (ii) 
quantitative models. Qualitative models are fairly straightforward; however, some points 
must be made with respect to quantitative models. Mathematical modelling using linear 
correlation and linear regression analysis typically exploit the isotopic relationship 
between dietary and bone components. Correlations provide a measure of how close the 
relationship between the two variables (e.g. diet and bone components) is to a straight 
line (y = mx + c). Regression analysis is similar, although it can also be used to derive an 
equation to predict values of one variable from another. Regression is used when one of 
the variables (dependent variable y; e.g. dietary component) is considered to be reliably 
predicted from the other (independent variable x; e.g. bone component). In regreSSion 
analysis the equation of the line of best fit through the points is calculated and the position 
of the line is chosen to minimise the sum of the squares of the residuals. Results of linear 
regression are interpreted using R2 values (the co-efficient of determination). Correlation 
and regression only examine whether a relationship exists between the two variables, not 
whether changes in one of the variables results in changes in the other (Townend, 2002). 
Thus, the interpretation of linear correlations and R2 values ultimately rely on a clear 
biochemical understanding of the variables, since empirical relationships are not 
meaningful. 
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4.3 Application of models to archaeological groups 
Dietary and bone component predictive models (n = 21) from three animal-feeding 
experiments were assessed via their application to archaeological samples. They were: (i) 
a mouse experiment performed by Tieszen and Fagre (1993), (ii) a rat experiment 
performed by Ambrose and Norr (1993), and (iii) the pig experiment performed by van der 
Merwe, Mitchell and Young (Young, 2002), as discussed in Chapter 3. The models were 
constructed via a combination of bulk (collagen and apatite) and compound-specific bone 
components (collagen amino acids and cholesterol). These bone components were 
utilised in predicting long- and short-term whole diet, dietary protein and energy, and, 
bone collagen and apatite 013C values. The mathematical models, which included both 
qualitative and quantitative types, comprise 21 equations (Equations 4.1 - 4.21) which are 
outlined in Sections 4.4 and 4.5, and summarized in Table 4.3. 
4.4 Quantitative dietary models 
4.4.1 Models to predict long-term whole diet s13e values 
Model constructed via controlled-feeding experiment on mice (Tieszen and Fagre, 1993): 
o 13C Whole diet = 0 13CBone apatite - 9.0%0 Equation 4.1 
Model constructed via controlled-feeding experiment on rats (Ambrose and Norr, 1993): 
Equation 4.2 
Model constructed via controlled-feeding experiment on pigs (First-generation sows) 
(Howland,2003): 
o 13C Whole diet = 0 13CBone apatite - 9.7%0 Equation 4.3 
Model constructed via controlled-feeding experiment on pigs (Second-generation adults) 
(Howland, 2003): 
Equation 4.4 
4.4.2 Models to predict short-term whole dietary trends 
Model constructed via controlled-feeding experiment on rats (Jim, 2000): 
Ll13CBone apatite-Cholesterol = 10 - 14%0: no temporal change in whole diet 813C values 
Ll13CBoneapatite-ChOlesterol > 10 - 14%0: short-term depletion in whole diet 813C values 
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1113Csoneapatite-Cholesterol < 10 -14%0: short-term enrichment in whole diet 813C values 
Equation 4.5 
4.4.3 Models to predict dietary protein trends 
Model constructed via controlled-feeding experiment on rats (Jim, 2000): 
1113Csone apatite-Collagen = 5.1 %0 (813Cprotein == 8 13CWhoie diet) 
13 13 13 11 CSone apatite-Collagen> 5.1 %0 (8 Cprotein < 8 CWhole diet) 
13C 13C 13 11 Sone apatite-Collagen < 5.1 %0 (0 Protein> 0 CWhole diet) Equation 4.6 
4.5 Quantitative dietary models 
4.5.1 Models to predict long-term whole diet 013C values 
Model constructed via controlled-feeding experiment on mice (Tieszen and Fagre, 1993): 
Equation 4.7 
Model constructed via controlled-feeding experiment on rats (Jim, 2000): 
Equation 4.8 
Model constructed via controlled-feeding experiment on rats (Jones, 2002): 
813Cwt.ole diet = (813CBone collagen glutamatJ1.07) - 11.45 Equation 4.9 
Model constructed via controlled-feeding experiment on pigs (First-generation sows) 
(Chapter 3): 
Equation 4.10 
Model constructed via controlled-feeding experiment on pigs (Second-generation adults) 
(Chapter 3): 
Equation 4.11 
4.5.2 Models to predict short-term whole diet 813C values 
Model constructed via controlled-feeding experiment on rats (Jim, 2000): 
8 13CShort_term whole diet = (8 13CBone cholesterol +6.77) I 0.82 Equation 4.12 
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Model constructed via controlled-feeding experiment on pigs (Second-generation adults) 
(Chapter 3): 
<') 13CShort_term whole diet = (1 . 16 * <') 13CBone cholesterol) + 5.46 Equation 4.14 
4.5.3 Models to predict dietary protein a13e values 
Model constructed via controlled-feeding experiment on mice (Tieszen and Fagre, 1993): 
Equation 4.15 
Model constructed via controlled-feeding experiment on rats (Jim, 2000): 
Equation 4.16 
Model constructed via controlled-feeding experiment on rats (Jones, 2002): 
Equation 4.17 
4.5.4 Models to predict dietary energy a13e values 
Model constructed via controlled-feeding experiment on rats (Jim, 2000): 
Equation 4.18 
Model constructed via controlled-feeding experiment on rats (Jones, 2002): 
Equation 4.19 
(Whole diet <')13C values predicted from Equation 4.9 and dietary protein <')13C values 
predicted from Equation 4.18). 
4.5.5 Models to predict bone component a13e values 
Model constructed via controlled-feeding experiment on rats (Jones, 2002): 
<'> 13CBone collagen = ([)13CBone collagen hydroxyproline! 1. 06) + 1.57 Equation 4.20 
Model constructed via controlled-feeding experiment on rats (Jones, 2002): 




Table 4.3. Summary of qualitative and quantitative mathematical models for predicting diet and bone component 613C 
values constructed via animal-feeding experiments. The numbers in parentheses refer to the Equation numbers assigned 
to each model within this chapter: 8 Tieszan and Fagre (1993). bAmbrose and Norr (1993). c Young (2002). d Jim (2000), e 
Jones (2002). f Howland (2003). and 9 Chapter 3. 
Subjects Diet component models Bone component models 
Qualitative Models 
Long-term Short-term Protein Energy Collagen Apatite Whole diet Whole diet 
8 13C 
-Mice !l. Whole Diet-
Apatite(4.1) 
b 13 d 13 d 13c 
bRats 11 CWhole Diet- !l. CApatite- !l. Apatite-
Apatite (4.2) Cholesterol (4.5) Collagen (4.6) 
f 13 
CPigs !l. CWhoIe Diet-
A~tite (4.3 & 4.4) 
Quantitative Models 
Long-term Short-term Protein Energy Collagen Apatite Whole diet Whole diet 
aMice 8Apatite 8Collagen (4.7) (4.15) 
bRats (i) d Apatite dCholesterol (i) dColiagen & (i) dColiagen & eHydroxyproline eGlutamate (4.8) (4.12) Apatite (4.16) Apatite (4.18) (4.20) (4.21 ) 
(ii) Bvia Whole 
(ii) eGlutamate (ii) eproline Diet (4.9) & 
(4.9) (4.17) Protein (4.17) 
(4.19) 
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4.6 Archaeological samples 
Four archaeological groups (groups A - D) were used to assess the accuracy of the 
models discussed above (Equations 4.1 - 4.22). As the models were all constructed from 
animals who consumed normal (20%) protein diets it was considered important to assess 
whether these models can be applied to the dietary reconstruction of individuals who 
consumed very high protein diets. This was particularly important for the development of 
bone collagen amino acid 813C determinations in palaeodietary reconstruction, because 
the balance between routing and de novo synthesis of non-essential amino acids is likely 
to be governed by protein intake. Thus, rigorous criteria were followed in selecting suitable 
archaeological samples, which had to include: 
(i) Humans and terrestrial and marine fauna, to enable the examination of physiological 
differences between them at a bulk and molecular level. 
(ii) Bone component isotope values spanning the natural dietary range for carbon and 
nitrogen. 
(iii) Human individuals likely to have consumed very high protein diets. 
(iv) A range of animal species spanning various physiologies and dietary habits, to 
determine whether the success of the models is species-dependent. 
(v) An investigation of juveniles to assess whether rapid childhood growth significantly 
influences the isotopic composition of bone components, particularly bone collagen 
amino acids. 
The criterion of selecting samples which encompassed the natural carbon and nitrogen 
food source isotope range was based on interpretation of bulk bone collagen 813C and 
815N values, which are presented in Figure 4.1. Human bone collagen 813C values ranged 
from -21.8 to -5.6%0 (16.2%0; n = 90), terrestrial fauna ranged from -22.2 to -9.8%0 
(12.4%0; n = 25) and marine fauna ranged from -15.6 to -2.1%0 (13.5%0, n = 9). Human 
bone collagen 815N values ranged from +3.3 to +17.9%0 (14.6%o), terrestrial fauna ranged 
from +1.9 to +19.7%0 (17.8%0) and marine fauna ranged from +6.4 to +19.0%0 (12.6%o). 
This wide range in isotope values was also critical to enable an assessment of isotopic 
relationships using linear correlation analysis, because a very small range of values 
typically results in poor correlations, thus obscuring significant isotopic relationships. 
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Figure 4.1. (a) Human, (b) terrestrial fauna and (c) marine fauna bone collagen 813C and 815N 
values from Groups A (pink symbols), B (blue symbols), C (yellow symbols) and D (navy symbols) . 
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A summary of the bone components analysed from groups A - D is presented in Table 
4.4. Bone collagen, apatite, cholesterol and collagen amino acid 813C values of samples 
from groups A - D are presented in Appendix 3. Predicted dietary and bone component 
813C values for samples from groups A - D, via Equations 4.1 - 4.21 are presented in 
Appendix 4. Archaeological samples were gratefully received from the Sedgeford 
Historical and Archaeological Society, Norfolk (Group A), Dr Judith Sealy of the University 
of Cape Town, South Africa (Group B), the National Museums of Kenya and the British 
Institute of East Africa, Nairobi, Kenya (Group C) and Dr Michael Richards of the 
University of Bradford, UK (Group D). Sample information on groups A - D is detailed in 
Sections 4.6.1 - 4.6.4, while a more comprehensive discussion of samples from groups A 
and B is presented in Chapters 5 and 6, respectively. 
Table 4.4. Bone components subjected to 013e analysis from archaeological groups A-D. 
Bone component a13c analysis 
Bone collagen Bone apatite Bone Bone collagen cholesterol amino acids 
Group A ./ ./ ./ ./ 
Group B ./ ./ ./ 
Group C ./ ./ ,/ 
Group D ,/ ,/ 
a013e measurements were performed on 12 bone collagen amino acids: alanine, glycine, serine, , 
proline, hydroxyproline, aspartate, glutamate; leucine, isoleucine, threonine, valine and 
phenylalanine. 
4.6.1 Group A: Saxon population from Sedgeford, Norfolk 
Group A represents the human population excavated from the Middle-Saxon cemetery of 
Sedgeford, Norfolk, UK. The 45 individuals analysed comprised males (n = 15), females 
(n = 15) and juveniles (n = 15). The population inhabited a riverine site in northwest 
Norfolk, 6 km south of the North Sea and 5 km west of the Wash, and potential food 
sources included C3 plants and meat, and marine resources. This group allowed the 
comparison of males, females and juveniles in an isotopically-uncomplicated C3 coastal 
region. 
4.6.2 Group B: Holocene samples from Cape region of South Africa 
Group B represents archaeological samples from the Cape region of South Africa, which 
comprised Holocene hunter-gatherer humans (n = 30) and associated fauna (n = 17; each 
species was sampled in duplicate or more). Human individuals in the Cape region of 
South Africa were selected to include a wide isotope range in 813C and &15N values. This 
102 
Chapter 4 Application of Mathematical Models to Archaeological Groups 
was achieved through the careful selection of samples based on bulk collagen cS13C and 
cS15N values; thus pure C3, pure C4, mixed C-jC4, and a combination of very high marine 
protein and C-jC4 energy diets were identified. 
4.6.3 Group C: Swahili samples from Zanzibar/Pemba 
Group C represents archaeological samples from the adjacent Swahili islands of Zanzibar 
and Pemba, Tanzania, which comprised humans (n = 15) and associated fauna (n = 6). 
The islands are agriculturally poor and archaeological sites have unsurprisingly provided a 
wealth of evidence for marine food consumption, with 42 species of fish identified 
alongside larger mammals such as dugong, whale and turtle (Horton, 1996). Results of 
zooarchaeological analysis has indicated that fish represent between 38 and 52% of the 
faunal assemblages at the Zanzibar/Pemba sites (Horton and Middleton, 2001). Both wild 
(e.g. Zanzibar duicker, Sundevall's blue duicker, bushpig, the tree hyrax and the vervet 
monkey) and domestic terrestrial animals (e.g. cattle, goat and chicken) are also abundant 
on Zanzibar/Pemba archaeological sites. The islands represent an isotopically-complex 
mixed C-jC4 biome. Human bone component isotope values should reflect a composite of 
the relative abundances of grazer and browser animal flesh in their diet, and a further 
contribution from C3 and C4 plants, and marine foods. 
4.6.4 Group D: Faunal samples from Dionisio Park, British Columbia 
Group D represents a faunal assemblage from the site of Dionisio Park, British Columbia 
(n = 10). Excavated dogs (n = 3), which are commonly analysed as analogues for humans 
in British Columbia (Cannon et aI., 1999), were subjected to bone collagen CS13C and cS15N 
analysis to estimate their dependence on marine protein, particularly salmon, compared to 
terrestrial protein such as deer. Salmon and deer bones were also analysed to provide 
baseline dietary isotope values for the dogs, particularly with respect to amino acids, since 
very few isotope determinations have been made on dietary amino acids thus far. Bone 
collagen 013C and 015N values indicated that very high marine protein diets were 
consumed by dogs and probably humans at Dionisio Park. This allowed the investigation 
of the effects of high protein consumption in exclusively C3 regions on the accuracy of the 
dietary models. 
4.7 Results 
4.7.1 Methods of accuracy assessment 
The accuracy of the predicted dietary component 813C values for groups A - D were 
assessed with respect to whether they were within: (i) the natural range of carbon 
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isotopes found in foods, and (ii) the terrestrial and marine carbon isotope range of the 
geographical region of the individuals. Each figure presenting predicted dietary 
component 813C values includes two black dotted lines, denoting a pure C3 diet (Diet 8, 
813C -25.7%0) and a very high C4 diet (Diet 2, 813C -13.7%0) utilised in the pig-feeding 
experiment (see Chapter 3), which represent the approximate natural range of &13C values 
of food sources. The accuracy of the predicted bone component &13C values were 
assessed via directly determined bone component &13C values. 
4.7.2 Long-term whole diet models 
Long-term whole diet &13C values were predicted from animal-feeding experiments using 
both qualitative models via bone apatite 813C values (Equations 4.1 - 4.4), and quantitative 
models via bone apatite and collagen glutamate &13C values (Equations 4.7 - 4.11); 
predicted values are presented in Figures 4.2 (a) and (b), respectively. The qualitative 
models (Equations 4.1 - 4.4) predicted a narrow range of values, from ~ 13CBone apatite-9.O to 
-10.1%0, resulting from the small range exhibited between the species utilised in their 
construction (mice, rats and pigs). A similar pattern was induced from the quantitative 
models, with the exception of Equation 4.9 which was constructed via bone collagen 
glutamate &13C values from the rat-feeding experiment (Jones, 2002). Of the 122 
predicted whole diet &13C values, 22 plotted outside the approximate natural range of &13C 
values of food sources (denoted by the black dotted lines in Figure 4.2 (b». In all but 4 
samples, whole diet 813C values predicted from bone collagen glutamate were depleted 
relative to the models that utilised bone apatite. That the apatite and glutamate models 
produced very different results is unsurprising, because a linear relationship was not 
exhibited in the archaeological samples between the two bone components (R2 = 0.49; 
Figure 4.3 (b», where observed ~13CBoneapatite-Glutamate values were 3.3 ± 3.6%0 (within a 
range of -2.9 to 12.8%0), compared to -0.6 ± 1.5%0 for the control-fed rats (within a range 
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Figure 4.2. Predicted long-term whole diet 1)13C values of humans and fauna for Groups A - C, via 
(a) qualitative models: Equation 4.1 (navy diamonds), 4.2 (blue diamonds), 4.3 (turquoise 
diamonds) and 4.4 (yellow diamonds), and (b) quantitative models: Equation 4.7 (navy diamonds), 
4.8 (red diamonds), 4.9 (blue diamonds), 4.10 (yellow diamonds) and 4.11 (pink diamonds). Black 
dotted lines denote 1)13C values of pure C3 (Diet 8, -25.7%0) and high C4 diets (Diet 2, -13.7%0) 
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Figure 4.3. Relationship between bone apatite and bone collagen glutamate in (a) rats on 
isotopically-controlled diets (Jones, 2002), and (b) human and faunal samples from groups A-D. 
Dashed lines represent the theoretical x = y line. 
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As a non-essential amino acid, glutamate can be either directly assimilated from the diet 
or derive from de novo synthesis via reductive amination of a-ketogluterate, or by 
transamination of virtually all other amino acids. It was shown that in rats, bone collagen 
glutamate is derived entirely from de novo synthesis via whole diet carbon. Thus, the 
failure of this model may indicate that glutamate is not derived only from de novo 
synthesis in the archaeological bone collagens, but variable fractions are routed from the 
diet. The hypothesis that bone collagen glutamate is always derived from de novo 
synthesis is somewhat flawed since glutamate has been shown to be indispensable in 
piglets and must be supplied by the diet to a certain extent (Roth et aI., 1994). 
Palaeodietary interpretations based on bone apatite &13C values have been widely 
debated, since apatite is susceptible to contamination by secondary carbonates due to 
leaching by groundwater in the burial environment (Lee-Thorp and van der Merwe, 1987; 
Krueger, 1991; Koch et aI., 1997). However, in this instance bone apatite &13C 
measurements from groups A - D have produced plausible whole diet &13C values, and as 
it will be seen in Section 4.7.5, their relationship to archaeological bone cholesterol values 
closely mirror that observed in modern rats (Jim, 2000) and pigs (Chapter 3). 
4.7.3 Dietary protein models 
The first model constructed to investigate the isotopic composition of dietary protein was a 
qualitative model predicted from a rat-feeding experiment via bone collagen and apatite 
&13C values (Equation 4.6). Equation 4.6 stipulates that when &13Cprotein == &13CWhole diet 
(== &13CEnergy), then ~13CBone apatite-Collagen == 5.1%0, when &13CProtein < &13CWhole diet then ~13Csone 
apatite-Collagen > 5.1%0, and when &13Cprotein > &13CWhole diet. then ~ 13CSone apatite-Collagen < 5.1 %0. 
The range of actual ~ 13CSone apatite-Collagen values observed in the rat-feeding experiment was 
-0.8 to 11.2%0, with the most extreme values resulting from the C4 Protein/C3 Energy and 
the C4 Energy/C3 Protein diets, respectively. All ~ 13CBone apatite-Collagen values obtained for the 
archaeological group samples were within the range observed in the rats (Figure 4.4). 
However, the mean value for Group A (6.6 ± 1.2%0) suggests that ~ 13CSone apatite-Collagen 
values observed for diets where &13Cprotein == &13CWhole diet differs between rats and humans. 
Group A represents the Saxon community at Sedgeford where a predominantly C3 diet, 
with a possible minor marine component, was hypothesised; thus a &13Cprotein == &13CWhole diet 
pattern was antiCipated. If a higher marine dietary contribution was present, then predicted 
~ 13CBone apatite-Collagen values would have been less than rather than greater than 5.1 %0. 
Using the model, the mean value of 6.6 ± 1.2%0 indicates that &13Cprotein < &13CWhole diet (and 
thus &13CProtein < &13CEnergy) in this population, which is in not plausible in a C3 region at a 
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time prior to the introduction of C4 cereals into Britain. Thus, it is likely that ~ 13CBone apatite-
Collagen values differ between rodents and humans. Groups B (South Africa) and C 
(Tanzania) represent mixed C.jC4 coastal regions, which is visibly reflected in 
~13CBoneapatite-Coliagen values, where values plot in the &13CProtein > &13Cwholediet range, 
indicating dietary contributions from a combination of 13C-enriched marine protein and C4 
animal meat/products. Thus, this qualitative model can be exploited to provide an 
indication of the relationship between whole diet and protein &13C values; however, that 
~ 13CBone apatite-Collagen == 5.1%0 when &13Cprotein == &13CWhole diet may not be accurate for humans. 
The investigation of ~ 13CBone apatite-Collagen values in further archaeological populations where 
baseline C3 diets are anticipated may provide a better estimate of ~ 13CBone apatite-Collagen 
values in humans. 
Three quantitative models have been constructed to predict dietary protein &13C values, 
via bone collagen (Equation 4.15; mouse experiment), bone collagen and apatite 
(Equation 4.16; rat experiment), and bone collagen proline &13C values (Equation 4.17; rat 
experiment). The predicted dietary protein &13C values for the archaeological group 
samples are illustrated in Figure 4.5 (a). Very similar dietary protein &13C values were 
predicted via the mouse (via collagen) and rat models (via collagen and apatite), however, 
the former model produced relatively enriched values, by 2.8 ± 1.1%0. Nonetheless, linear 
correlation analysis indicated the significant relationship between dietary protein &13C 
values predicted via both models (R2 = 0.98; Figure 4.5 (b)), indicating that the strong 
relationship between dietary protein and bone collagen &13C values in both mice and rats. 
It is evident from Figure 4.5 (a) that the model using bone collagen proline (Equation 4.17) 
predicted extremely low dietary protein &13C values relative to the other two models. 
Although both models were constructed from the same rat-feeding experiment, Equation 
4.17 (via proline) yielded values 4.2 ± 2.4%0 more depleted than Equation 4.16 (via 
collagen and apatite), and many of the predicted values were less than -30%0 which is 
outside the range of carbon isotope values of food sources. This was unexpected 
because proline &13C values correlate strongly with dietary protein values in the control-
fed rats (R2 = 0.92). However, the results from two pig-feeding experiments have been 
more ambiguous; one was in agreement with the assimilation of dietary proline into bone 
collagen (Hare et aI., 1991), while the other concluded that collagen proline was derived 
from a combination of assimilation and de novo synthesis (Howland, 2003). However, as 
these two experiments utilised rapidly-growing animals who had not yet reached nitrogen 
balance, an elevated rate of assimilation of dietary proline is not unexpected. There is now 
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abundant evidence that proline in piglets is essential, because it cannot be synthesised in 
sufficient amounts for growth and maintenance (Ball et aI., 1986; Kirchgessner et aI. , 
1995). However, 15 of the samples from group A were juveniles, for whom it may be 
hypothesised that proline was indispensable, yet the predicted protein 813C values for all 
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Figure 4.4. Dietary protein qualitative model (Equation 4.6): relationship predicted between dietary 
protein and whole diet 8 13C values for groups A-C. Blue dotted line denotes t,13CBone apatite-Collagen = 
5.1 0/00 and thus 813Cprotein == 813CWhoie diet; black dotted lines denote extreme 13CBone apatite-Collagen 
values of -0.8 and 11 .2%0 from the rat-feeding experiment. 
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Figure 4.5. (a) Predicted protein 813C values for groups A - D, via quantitative models: Equation 
4.15 (yellow diamonds), Equation 4.16 (blue diamonds) and Equation 4.17 (pink diamonds). Black 
dotted lines denote 813C values of pure C3 (Diet 8, -25.7%0) and high C4 diets (Diet 2, -13.7%0) used 
in the pig-feeding experiment (see Chapter 3), and (b) relationship between dietary protein 013C 
values predicted via Equations 4.15 and 4.16. Dashed line is the theoretical x = y line. 
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It is possible that proline in the archaeological collagens was assimilated from dietary 
sources, and the failure of the model obscures this relationship, because ~ 13CProtein_proline 
values differ between the rats and other species. To further investigate whether proline did 
derive from dietary sources or from de novo synthesis, proline 813C values were correlated 
with glutamate because proline is synthesised from glutamate, via the intermediates 
glutamate y-semialdehyde and pyrroline-5-caboxylate. The archaeological bone collagens 
were divided into humans, marine fauna and terrestrial fauna for linear correlation 
analysis. The human collagens were further sub-divided by group, and adults and 
juveniles from group A were also separated. This enabled an investigation of whether the 
balance between routing and de novo synthesis of proline differed between species, and 
also the degree to which proline may be essential in human juveniles. Resulting scatter 
plots are presented in Figure 4.6, where it can be seen that no correlation between the 
two bone collagen amino acids was exhibited in the rats ((a); R2 = 0.22) and marine fauna 
((d); R2 = 0.05), thus possibly indicating the direct incorporation of proline from dietary 
sources in these samples. However, a stronger correlation was observed between 
glutamate and proline in terrestrial faunal species ((c); R2 = 0.71), and to a lesser extent in 
humans ((d); R2 = 0.58). 
On closer examination of the correlation exhibited for humans, it can be seen that the 
major outliers are juveniles from group A which result in the only moderate correlation 
(Figure 4.6 (d)). If the juvenile samples are omitted the R2 value increases to 0.71, which 
is a good indication that proline metabolism in young juveniles differs from that of adults. If 
an R2 value of 0.71 indicates that a high percentage of bone collagen proline is 
biosynthesised from glutamate in adult humans, we must assume that the contradictory 
result for juveniles results from the partial requirement of the dietary source of this amino 
acid, since it cannot be synthesised in childhood sufficiently for growth and maintenance 
(8all et aI., 1986; Kirchgessner et al., 1995). 
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Figure 4.6. Relationship between bone collagen proline and glutamate in (a) rats (Jones, 2002), 
and (b), humans, (c) terrestrial fauna, and (d) marine fauna from archaeological groups A-D. 
Human points in scatter plot (b) are divided into: group A adults (navy diamonds), group A juveniles 
(pink diamonds), group B (blue diamonds) and group C (yellow diamonds). Dashed lines represent 
the theoretical x = y line. 
4.7.4 Dietary energy models 
Dietary energy 813C values were predicted using two quantitative models from a rat-
feed ing experiment, one constructed via bone collagen and apatite 813C values (Equation 
4.18), and the other via whole diet and protein 813C values, previously predicted from 
bone collagen glutamate (Equation 4.9) and proline (Equation 4.17), respectively 
(Equation 4.19). Predicted dietary energy 813C values from the two models are presented 
in Figure 4.7. Dietary energy 813C values predicted from Equation 4.18 range from -25.5 to 
-17.9%0, and all plot within the range of carbon isotope values for food sources. When 
dietary energy 813C values were compared with dietary protein values also predicted from 
rat bone collagen and apatite (Equation 4.16), a plausible and interesting relationship 
resulted . Similar protein and energy values were predicted for humans from Group A, the 
predominantly C3 diet consumers from Sedgeford , whereas the relationship between 
predicted protein and energy values in Groups Band C was more varied due to the 
presence of C3, C4 and marine food sources in these regions. 
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Equation 4.19 (813COietEnergy = (813Cwholediet - 0.2* 813Cprotein)/0.8) constructed via bone 
collagen amino acid 813C values contained an inherent assumption that protein and 
energy components comprise 20% and 80% of the diet, respectively. The theory in the 
construction of this model was that since whole diet 813C values are a composite of dietary 
protein and energy 813C values, they can be related using a mass balance equation. 
However, the assumption that all human and animal diets contain the same ratios of 
protein and energy components necessarily limits the applicability of this model to 
palaeodietary reconstruction. It was clear at the outset that this model would be 
problematic for some individuals because the majority of group B (Cape region of South 
Africa) was composed of hunter-gatherer peoples who heavily exploited marine protein 
sources, and had been estimated on the basis of bone collagen 815N values to subsist on 
diets consisting of possibly 70% marine protein. Unsurprisingly then, the dietary energy 
(513C values predicted using Equation 4.19 appeared erroneous; within a range of -9.9 to-
37.2%0, several predicted dietary energy (513C values plotted outside the carbon isotope 
range of food sources. The fact that this model was formulated from the bone collagen 
amino acid models constructed to predict whole diet (via glutamate) and protein (via 
proline), which both predicted problematic values, may also be implicated in its inaccuracy 
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Figure 4.7. Predicted dietary energy O'3C values for groups A - 0, via quantitative models 
constructed from results of a rat-feeding experiment: Equation 4.18 (blue diamonds) and Equation 
4.19 (yellow diamonds). Black dotted lines denote 813C values of pure C3 (Diet 8, -25.7%0) and high 
C4 diets (Diet 2, -13.7%0) used in the pig-feeding experiment (see Chapter 3) . 
4.7.5 Short-term whole diet models 
The first model constructed to investigate the isotopic composition of short-term whole diet 
was a qualitative model predicted via a rat-feeding experiment using bone apatite and 
cholesterol 813C values (Equations 4.5). The biochemical principle was that both bone 
apatite and cholesterol reflected whole diet 613C values, however, because bone 
cholesterol exhibited a significantly more rapid turnover rate (289 days in rats) than apatite 
(4.1 years in rats), ~13CBone apatite-Cholesterol values could be exploited to reveal temporal 
dietary changes. Thus, it was shown in rats that when ~ 13CBone apatite-Cholesterol = 10 - 14%0, no 
dietary change had occurred, when ~ 13CBone apatite-Cholesterol < 10- 14%0, a short-term 
enrichment had occurred, and when ~ 13CBone apatite-Cholesterol> 10 - 14%0, a short-term 
depletion had occurred. Figure 4.8 (a) illustrates the relationship between long- and short-
term whole diet values for archaeological group samples, as predicted via the model. 
Group A was selected for this investigation to provide baseline ~ 13CBone apatite-Cholesterol 
values for a human population unlikely to have undergone little more than slight seasonal 
dietary changes with respect to marine protein consumption. Since bone cholesterol in 
rats turns over in 289 days it is not expected that seasonal dietary changes in human 
populations (who probably exhibit a longer turnover time than 289 days) would be 
reflected in bone cholesterol 813C values. Rather, bone cholesterol may be considered a 
useful indicator of temporal dietary changes, such as those associated with population 
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migrations or changes in subsistence patterns. Since it is very unlikely that the Saxon 
community at Sedgeford underwent such dramatic dietary changes it was anticipated that 
the majority of individuals would exhibit ~ 13Csone apatite-Cholesterol values of 10 - 14%0. 
However, the majority of individuals plotted outside this range, typically exhibiting lower 
values (9.1 ± 1.6%0, in a range of 5.9 to 12%0), which indicates that humans consuming 
monotonous diets may exhibit lower ~ 13CBone apatite-Cholesterol values than rodents. 
Three quantitative models were constructed via animal-feeding experiments to predict 
short-term whole diet CS13C values using bone cholesterol cS13C values: one from an 
experiment on rats (Equation 4.12), and two from an experiment on pigs, using second-
generation piglet (Equation 4.13) and adult cholesterol cS13C values (Equation 4.14), as 
constructed in Chapter 3. Since Equations 4.13 and 4.14 from the pig-feeding experiment 
predicted almost identical short-term whole diet cS13C values (~13CEquation 4.13-Equation 4.14 = 0.3 
± 0.3%0), to simplify this investigation, only Equation 4.14, developed from adult cS13C 
values will be discussed. Figure 4.8 (b) illustrates short-term whole diet CS13C values for 
groups A - D predicted from Equations 4.12 and 4.14. It can be seen that that the use of 
bone cholesterol cS13C values from the rat and pig-feeding experiments yielded similar 
values, where the rat-experiment predicted values 1.5 ± 0.1%0 more enriched than the 
latter. As discussed in Section 3.14, mean ~13CWholediet-BoneCholesterol CS13C values in the rats 
was 4.0± 1.7%0, compared to 2.0± 1.1%0 and 2.3± 1.1%0, in second-generation piglets 
and adult pigs, respectively. This difference in diet-to-tissue spacings may result from the 
relative balance between absorption of dietary cholesterol and de novo synthesis, which 
could feasibly differ between rodents and larger mammals. 
Figure 4.9 presents long-term and short-term whole diet &13C values predicted from the 
two complementary long/short-term predictive models from rat «a) Equation 4.8 and 4.12, 
respectively) and adult pig bone apatite and cholesterol &13C values «b) Equation 4.11 
and 4.14, respectively). The majority of bone cholesterol cS13C determinations were 
performed on humans from group A (Sedgeford) for which small dietary changes were 
anticipated, and both the rat and pig models predicted little temporal dietary change in this 
population (~13CPredicted long-Short-term whole diet = -3.6 ± 1.9 and -2.0 ± 1.8%0, respectively). 
Interestingly, in the Sedgeford population juveniles exhibited much higher and more 
variable ~13Cpredicted long-Short-term whole diet values (-3.3 ± 2.0) than adults (-1.6 ± 1.4), using the 
pig models. Thus, it is possible that differences in metabolism and tissue turnover rates, 
result in bone cholesterol cS13C values that are distinguishable between juveniles and 
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Figure 4.8. (a) Predicted relationship (via Equation 4.5) between long-term and short-term whole 
diet 813C values for groups A and Group C, and (b) predicted short-term whole diet 813C values for 
Groups A and C, via rat (Equations 4.12; blue diamonds) and pig-feeding experiments (Equation 
4.14; yellow diamonds). Black dotted lines denote 813C values of pure C3 (Diet 8, -25.7%0) and high 
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Figure 4.9. Comparison of predicted long-term and short-term whole diet 813C values for groups A 
and C, derived from (a) rat-feeding experiment via bone apatite (Equation 4.8; navy diamonds) and 
cholesterol (Equation 4.12; yellow diamonds), and (b) pig-feeding experiment. via bone apatite 
(Equation 4.11 ; light blue diamonds) and cholesterol (Equation 4.14; pink diamonds), respectively. 
Black dotted lines denote 813C values of pure C3 (Diet 8, -25.7%0) and high C4 diets (Diet 2, -
13.7%0) used in the pig-feeding experiment (see Chapter 3). 
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4.7.6 Bone component models 
Bone collagen and apatite ()13C values were predicted via a rat-feeding experiment using 
bone collagen amino acid ()13C values (Equations 4.20 and 4.21, respectively). Observed 
(measured) and predicted bone component .s13e values are illustrated in Figure 4.10 and 
the relationships between observed and predicted values are shown in Figure 4.11. 
Bone collagen .s13e values were predicted via the rat-feeding experiment using bone 
collagen hydroxyproline .s13e values (Equation 4.20). Linear correlation analysis was 
performed between observed and predicted bone collagen .s13e values to assess the 
utility of the model (Figure 4.11 (a», and although a fair correlation was observed (R21 = 
0.76), predicted bone collagen .s13e values were more enriched by 3.4 ± 2.0%0. In addition, 
the degree of enrichment was not linear (R22 = 0.76), exhibiting a range of -7.9 to 1.1%0 
(Figure 4.1 0 (a». Perhaps bone collagen proline would have represented a more suitable 
model for collagen, because hydroxyproline is synthesised from proline after translation in 
the collagen molecule, such that its isotopic composition is dependent on that of proline. 
In the rat experiment hydroxyproline exhibited only a slightly stronger correlation with 
collagen (R2 = 0.91) than proline (R2 = 0.88), however the difference of R2 = 0.03 is 
insignificant given the errors associated with amino acid .s13e determinations. In the 
archaeological groups, bone collagen proline .s13C values exhibited a similarly strong 
relationship with bulk collagen .s13e values in humans (R2 = 0.83 and R2 = 0.81, 
respectively), and terrestrial (R2 = 0.85 and R2 = 0.67, respectively) and marine fauna 
(R2 = 0.91 and R2 = 0.91, respectively). However, even the observation that proline and 
bulk collagen .s13C values correlate well can only be viewed as empirical. The carbon 
isotopic composition of proline and bulk collagen cannot be equated, since the isotopic 
composition of bulk collagen is a weighted average of the isotopic compositions of its 19 
constituent amino acids. Ultimately, neither proline nor hydroxyproline should be applied 
as a substitute for the direct measurement of bone collagen .s13e values, particularly given 
the minute errors associated with bulk collagen .s13e determinations (± 0.2%0.), relative to 
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Figure 4.10. Observed and predicted bone component /513C values for groups A - 0 : (a) bone 
collagen (Equation 4.20; navy and yellow diamonds, respectively), and (b) bone apatite (Equation 
4.21 ; light blue and pink diamonds, respectively). Black dotted lines denote bone component /5 13C 
values of animals consuming pure C3 (Diet 8, -25.7%0) and high C4 diets (Diet 2, -13.7%0) used in 
the pig-feeding experiment (see Chapter 3). Blue dashed line in (a) denotes bone collagen /513C 
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Figure 4.11. Relationship between (a) observed bone collagen 813e values for groups A - 0 and 
those pred icted using Equation 4.20, and (b) observed bone apatite 813e values from Groups A - 0 
and those pred icted using Equation 4.21 . Dashed lines represent the theoretical x = y line. 
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Bone apatite (5 13C values were predicted via the rat-feeding experiment using bone 
collagen glutamate (513C values (Equation 4.20). Linear correlation analysis was 
performed between observed and predicted bone apatite (513C values to assess the 
accuracy of the model (Figure 4.11 (b», and an unsatisfactory correlation was observed 
(R21 = 0.59), where predicted bone apatite (513C values were depleted by 3.3 ± 3.0%0. The 
degree of offset between predicted and observed values, in a range of -1.8 to 11.3%0 
(Figure 4.10 (b», was not linear (R22 = 0.49). This most likely indicates the differing 
origins of carbon in bone collagen glutamate and apatite, resulting from a certain fraction 
of bone collagen glutamate deriving from dietary glutamate, rather than de novo 
synthesis. Thus, this bone apatite indicator should not be applied as a substitute for the 
direct measurement of bone apatite (513C values, given the minute analytical errors 
(± 0.2%0) associated with bone apatite, compared to bone collagen glutamate (513C 
determinations (± 1.1%0). 
4.8 Summary of dietary and bone component models 
In the previous sections it was shown that the dietary models derived from bulk bone 
components (collagen and apatite) and bone cholesterol, from both the rat, mouse and pig 
feeding experiments, produced acceptable (513C values when applied to the palaeodietary 
reconstruction of archaeological groups A-D. Obviously, it is not possible to verify that 
the models are directly applicable to humans and larger mammals because of the 
potential inter-specific metabolic differences: however, until the models are refined via 
human data they can be considered useful indicators of the isotopic relationships between 
dietary components. In addition, it has been revealed that the bone collagen amino acid 
models constructed via the rat-feeding experiment typically produced erroneous dietary 
and bone component (513C values. There are a number of possible explanations for this 
outcome: (i) the origins of amino acids in rat bone collagen reflect a different balance 
between direct assimilation and de novo synthesis than that which occurs in larger 
animals and humans, (ii) the differing dietary protein abundances in the rat and real diets, 
or (iii) the effects of diagenetic alteration of the archaeological bone collagens. In order to 
gain a clearer understanding of which if any of these three explanations is relevant, further 
statistical analyses were performed and are discussed below. 
4.8.1 Direct Incorporation versus de novo synthesis 
Having established that the bone collagen amino acid models developed to predict dietary 
(Equations 4.9,4.17 and 4.19) and bone components (Equations 4.20 and 4.21) did not 
produce acceptable (513C values when applied to archaeological groups A - D, it was 
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hypothesised that the failure of the models may reflect differences in amino acid 
metabolism between rats and larger animals and humans. Investigating the precise 
isotopic relationship between dietary and bone collagen amino acids of the archaeological 
samples is obviously restricted because the whole diet and dietary protein and energy 
013C values are unknown. However, in order to gain insight into how the actual bone 
collagen amino acid 013C values differed between the rats and the archaeological 
samples, linear correlation analysis was performed between each bone component (bulk 
collagen, apatite, cholesterol and the 12 collagen amino acids), both in the rats utilised in 
the construction of the models (Le. 20% protein diet consumers), and the three divisions 
of archaeological samples (humans, terrestrial fauna and marine fauna). By examining the 
relationships exhibited between the non-essential amino acids, the relative importance of 
assimilation and de novo synthesis of bone collagen amino acids was examined. Tables 
4.5 - 4.8 presents the R2 values resulting from linear correlation analysis between each 
bone component for the rats utilised in the construction of the models (based on data from 






Table 4.5. R2 values from linear correlations of bone component 013C values of 20% protein consumers in the rat-feeding experiment 
(n = 14). Data from Jones (2002). 
Ala Gly Ser Pro Hyp Asp Glu Leu* lIe* Thr* Val* Phe* Coli Apat Chol 
Ala 0.42 0.71 0.01 0.09 0.35 0.71 0.00 0.00 0.02 0.02 0.12 0.17 0.72 0.48 
Gly 0.64 0.48 0.58 0.40 0.59 0.31 0.41 0.34 0.25 0.05 0.68 0.54 0.49 
Ser 0.31 0.46 0.52 0.75 0.23 0.15 0.45 0.34 0.06 0.55 0.65 0.54 
Pro 0.95 0.44 0.22 0.79 0.76 0.79 0.77 0.79 0.88 0.14 0.32 
Hyp 0.47 0.40 0.74 0.76 0.77 0.75 0.61 0.91 0.30 0.45 
Asp 0.84 0.37 0.10 0.35 0.41 0.27 0.67 0.82 0.95 
Glu 0.18 0.05 0.18 0.24 0.03 0.51 0.94 0.88 
Leu* 0.68 0.70 0.82 0.82 0.73 0.12 0.31 
lIe* 0.70 0.69 0.48 0.61 0.03 0.11 
Thr* 0.90 0.69 0.73 0.09 0.23 
Val* 0.77 0.71 0.18 0.37 
Phe* 0.58 0.01 0.12 





























Table 4.6. R2 values from linear correlations of bone component 813C values of human samples from archaeological groups A - D (n = 90). 
Ala Gly Ser Pro Hyp Asp Glu Leu* lIe* Thr* Val* Phe* Coli Apat Chol 
Ala 0.66 0.25 0.61 0.65 0.20 0.53 0.70 0.00 6.32 0.19 0.55 0.70 0.50 0.25 
Gly 0.29 0.52 0.51 0.26 0.49 0.60 0.00 0.43 0.21 0.39 0.75 0.53 0.34 
Ser 0.43 0.35 0.15 0.21 0.37 0.00 0.51 0.27 0.29 0.53 0.40 0.18 
Pro 0.80 0.18 0.58 0.76 0.01 0.52 0.35 0.58 0.83 0.60 0.23 
~ Hyp 0.27 0.71 0.85 0.00 0.48 0.33 0.67 0.81 0.65 0.29 I'\) 
~ 
Asp 0.33 0.30 0.07 0.14 0.05 0.21 0.26 0.23 0.08 
Glu 0.70 0.00 0.31 0.20 0.55 0.65 0.48 0.22 
Leu* 0.00 0.53 0.33 0.61 0.82 0.67 0.29 
lIe* 0.04 0.00 0.03 0.01 0.02 0.25 
Thr* 0.32 0.38 0.67 0.55 0.11 
Val* 0.22 0.39 0.29 0.10 
Phe* 0.63 0.46 0.22 































Table 4.7. R2 values from linear correlations of bone component 013C values of terrestrial faunal samples from archaeological groups A-O 
(n = 25). 
Ala Gly Ser Pro Hyp Asp Glu Leu* lIe* Thr* Val* Phe* Coli Apat Chol 
Ala 0.69 0.34 0.70 0.62 0.35 0.51 0.68 0.29 0.36 0.28 0.64 0.86 n.d n.d. 
Gly 0.39 0.62 0.38 0.19 0.42 0.59 0.27 0.20 0.25 0.54 0.82 n.d n.d. 
Ser 0.35 0.24 0.04 0.14 0.22 0.21 0.40 0.33 0.36 0.50 n.d n.d 
Pro 0.82 0.35 0.71 0.70 0.33 0.23 0.31 0.85 0.85 n.d n.d 
Hyp 0.43 0.76 0.64 0.13 0.17 0.15 0.73 0.67 n.d n.d 
Asp 0.59 0.26 0.15 0.05 0.09 0.37 0.29 n.d n.d 
Glu 0.52 0.17 0.05 0.06 0.55 0.54 n.d n.d 
Leu* 0.29 0.31 0.29 0.72 0.73 n.d n.d 
lIe* 0.39 0.17 0.32 0.33 n.d n.d 
Thr* 0.30 0.28 0.37 n.d n.d 
Val* 0.43 0.41 n.d n.d 
Phe* 0.78 n.d n.d 



































Table 4.8. R2 values from linear correlations of bone component 813C values of marine faunal samples from archaeological groups A-O 
(n = 10). 
Ala Gly Ser Pro Hyp Asp Glu Leu* lIe* Thr* Val* Phe* Coli Apat Chol 
Ala 0.56 0.08 0.46 0.57 0.13 0.00 0.67 0.24 0.13 0.01 0.59 0.52 n.d. n.d. 
Gly 0.16 0.68 0.58 0.05 0.06 0.80 0.24 0.02 0.43 0.75 0.70 n.d. n.d. 
Ser 0.15 0.16 0.39 0.00 0.16 0.04 0.15 0.56 0.17 0.37 n.d. n.d. 
Pro 0.90 0.00 0.05 0.88 0.02 0.33 0.53 0.94 0.91 n.d. n.d. 
Hyp 0.00 0.05 0.90 0.15 0.46 0.38 0.87 0.91 n.d. n.d. 
Asp 0.00 0.01 0.04 0.19 0.11 0.00 0.02 n.d. n.d. 
Glu 0.00 0.15 0.23 0.00 0.00 0.01 n.d. n.d. 
Leu* 0.12 0.20 0.38 0.87 0.90 n.d. n.d. 
lIe* 0.26 0.06 0.00 0.10 n.d. n.d. 
Thr* 0.16 0.31 0.38 n.d. n.d. 
Val* 0.54 0.62 n.d. n.d. 
Phe* 0.90 n.d. n.d. 
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The results of linear correlation analysis between bulk bone components and collagen 
amino acids for samples from archaeological groups A - 0 were compared to those 
obtained for rats. The strong correlation observed between the whole diet indicators 
aspartate and glutamate in the rats (R2 = 0.84) was not reproduced in either the 
archaeological humans (R2 = 0.33), terrestrial fauna (R2 = 0.59) or marine fauna 
(R2 = 0.00). These ketogenic amino acids are biosynthesised from oxaloacetate and a-
ketogluterate, respectively, which are intermediates of the TCA cycle, and their isotopic 
composition in rats was shown to represent that of the whole diet (Jones, 2002). The 
archaeological data shown here possibly indicates that the origins in de novo synthesis of 
these two bone collagen amino acids exhibited in rats is not the case in humans or other 
species, where both amino acids are possibly to some extent assimilated from the diet. In 
a controlled-feeding experiment on pigs a similar situation was observed where glutamate 
and aspartate did not correlate as strongly with whole diet (R2 = 0.88 and 0.74, 
respectively; based on data from Howland et aI., 2003) as was observed for the rats 
(R2 = 0.94 and 0.85, respectively). Thus, it is likely that in the archaeological humans and 
fauna no bone collagen amino acid accurately reflects whole diet CS13C values, and that 
each non-essential amino acid is in part assimilated from the diet. Hence, there is a lack 
of correspondence between any of the non-essential amino acids and bone apatite, which 
can be seen as a reasonably accurate indicator of whole diet. However, the relative 
balance between assimilation and de novo synthesis of the non-essential amino acids 
glutamate and aspartate is also likely to vary within the archaeological samples, as a 
function of the protein intake of each individual. In addition, no significant correlations 
were observed between the non-essential amino acids within the glucogenic (alanine, 
glycine and serine) or ketogenic groups (glutamate, aspartate, proline and 
hydroxyproline), which would have been antiCipated if each of these bone collagen amino 
acids typically derived from de novo synthesis. However, in all three categories of groups 
A - 0, proline and hydroxyproline correlated strongly with each other, as well as the 
essential amino acids leucine and phenylalanine and bulk collagen. 
Bone cholesterol CS13C values of samples from groups A - 0 did not exhibit a strong 
correlation with any bone collagen amino acids probably because: (i) bone cholesterol 
more accurately reflects whole diet cS13C values than any of the amino acids, and (ii) 
cholesterol exhibits a more rapid turnover rate than bone collagen amino acids. Human 
bone cholesterol and apatite exhibited a poor linear relationship (R2 = 0.06); however, this 
is an artefact of the linear correlation technique and results from the small range in bone 
cholesterol and apatite CS13C values observed in the samples for which cholesterol CS13C 
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values were determined (humans from groups A and C). The mean ~ 13Csone apatite-Cholesterol 
value was 9.7%0 and actually exhibited a moderate standard deviation of 2.5%0. 
4.8.2 Dietary protein abundance 
The rat bone collagen amino acid models were constructed from rats who consumed 20% 
protein diets; thus' in individuals consuming higher protein diets we might expect: (i) a 
higher rate of assimilation of non-essential amino acids into collagen, and (ii) isotopic 
fractionation associated with the catabolism of excess dietary essential and non-essential 
amino acids. The rat-feeding experiment included a high dietary protein regime where 
certain animals consumed diets with 70% marine protein (tuna) and either: (i) C3 energy 
(n = 2), (ii) C4 energy (n = 2), or (iii) mixed CiC4 energy components (n = 2). The 70% 
marine protein rat bone collagen 013C values were omitted from model construction, 
possibly because of the anticipated increased incorporation of dietary non-essential amino 
acids in animals raised on these diets. In order to assess whether the relationship 
between measured bone collagen amino acids and dietary and bone components differed 
between the 20% protein diets on which the models were constructed (n = 14) and the 
whole suite of diets (20% and 70% protein diets; n = 20), linear correlation analysis was 
performed, resulting in the R2 values presented in Table 4.9. 
By comparing the R2 values of bone collagen amino acids and the components which they 
were used to predict, between the 20% protein diets and all diets, it can be seen that the 
strength of correlation for each model is diminished in the latter group. Whole diet-to-
glutamate (Equation 4.9) is reduced from 0.94 to 0.90, protein-to-proline (Equation 4.17) 
from 0.92 to 0.87, collagen-to-hydroxyproline (Equation 4.20) from 0.91 to 0.84 and 
apatite-to-glutamate (Equation 4.21) from 0.94 to 0.89. The most likely explanation for the 
weaker relationship observed when all rat diets were analysed is an increased 
assimilation of dietary non-essential amino acids because of their vastly higher 
abundance in the marine protein diets. Irrespective of the. cause of the differences 
between the two datasets, it might be more useful to utilise all diets in model construction, 
since the resulting models would more faithfully encompasses the range of real diets 
available to ancient human and fauna. If mathematical models represent accurate dietary 
component indicators, their use must be reliable over the spectrum of real diets 
irrespective of protein abundance, since the protein intake of archaeological populations is 
unknown. The failings of the amino acid models are most likely a consequence of both: (i) 
the exclusive consumption of normal protein diets (i.e. 20%) by the rats from which the 
models derive, and (ii) differences in protein intake present in the archaeological samples. 
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Table 4.9. R2 values resulting from linear correlation analysis between bone collagen amino acids 
and dietary and bone components in 20% protein (above) and all rat diets (below). 
Diet and bone components R2 values - 20% protein diets 
Whole diet Protein Energy Amino acid Collagen Apatite Cholesterol 
Ala 0.72 0.01 0.76 0.07 0.17 0.72 0.48 
Gly 0.53 0.32 0.42 0.51 0.68 0.54 0.49 
Ser 0.66 0.16 0.59 0.29 0.55 0.64 0.54 
Pro 0.14 0.92 0.03 0.86 0.88 0.14 0.32 
Hyp 0.32 0.85 0.16 n.d.B 0.91 0.30 0.45 
Asp 0.85 0.21 0.74 0.31 0.67 0.82 0.95 
Glu 0.94 0.05 0.86 0.08 0.51 0.94 0.88 
leu* 0.13 0.78 0.03 0.80 0.73 0.12 0.31 
lIe* 0.04 0.88 2.()6 0.94 0.61 0.03 0.11 
Thr* 0.11 0.78 0.02 0.56 0.72 0.09 0.23 
Val* 0.21 0.76 0.09 0.69 0.71 0.18 0.37 
Phe* 0.01 0.82 0.01 0.97 0.58 0.01 0.12 
Diet and bone components R2 values - all diets 
Whole diet Protein Energy Amino acid Collagen Apatite Cholesterol 
Ala 0.70 0.00 0.61 0.03 0.21 0.69 0.38 
Gly 0.44 0.29 0.20 0.48 0.61 0.43 0.34 
Ser 0.62 0.15 0.46 0.29 0.53 0.60 0.47 
Pro 0.13 0.87 0.02 0.82 0.83 0.12 0.25 
Hyp 0.30 0.80 0.14 n.d.B 0.84 0.29 0.44 
Asp 0.79 0.20 0.55 0.28 0.63 0.76 0.87 
Glu 0.90 0.05 0.68 0.08 0.49 0.89 0.81 
leu* 0.10 0.71 0.00 0.70 0.66 0.09 0.18 
lIe* 0.06 0.80 0.00 0.92 0.62 0.05 0.08 
Thr* 0.10 0.74 0.01 0.52 0.68 0.09 0.20 
Val* 0.21 0.63 0.08 0.65 0.63 0.17 0.25 
Phe* 0.01 0.75 0.01 0.96 0.50 0.01 0.14 
BNo R2 value as hydroxyproline was not present in diets. 
* Essential amino acids. 
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4.8.3 Diagenetic alteration of archaeological bone collagen 
Finally, it is possible that the lack of correspondence between the rat bone collagen amino 
acids and those of the samples from archaeological groups A - D reflects diagenetic 
alteration of the archaeological collagens. It has previously been revealed that amino acid 
distributions vary little within the bone collagen yield range of 0.5 - 20% (van Klinken, 
1999). However, at bone collagen yields below 0.5%, lower abundances of glycine, 
alanine, proline, and hydroxyproline have been reported (Seeley and Lunt, 1980; van 
Klinken, 1999). The decomposition of bone collagen by soil fungi and bacteria is known to 
result in a depletion in bone collagen &13C values by up to 2.4%0, which is thought to result 
from selective amino acid consumption (Balzer et aI., 1997; van Klinken, 1999). It has 
been hypothesised that the carbon-rich amino acids, alanine, aspartate, glutamate and 
proline, are preferentially metabolised by bacterial micro-organisms as an energy source. 
Alternatively, the loss of the carbon-poor amino acid glycine has also been observed, and 
shown to account for a depletion in bulk collagen &13C values, owing to the relatively 
enriched 613C values of glycine and its high abundance in collagen (Tuross et aI., 1988). 
All bone collagens utilised in this investigation exhibited C/N ratios within the range 
observed for modem collagen (2.9 - 3.6; De Niro, 1995). In order to reveal whether amino 
acid diagenetic loss from collagen may have resulted in altered bone collagen &13C 
values, the amino acid compositions of the archaeological bone collagens from groups A-
D were quantified via GC analysis. The relative abundances of the 12 resolved amino 
acids were compared to their theoretical abundances in mammalian Type I collagen (from 
Vaughan, 1981), and are presented in Figure 4.12. The general pattern of amino acid 
distributions between groups A - 0 and the modem collagen is very similar, however a few 
points are noteworthy. All the archaeological collagens contained less glycine relative to 
mammalian Type I collagen, which has been observed in archaeological bone collagens 
previously (Tuross et aI., 1988). The lowest glycine abundance was exhibited for samples 
from groups A and C which also, given their large error bars, in some instances actually 
exhibited higher glycine abundances. The loss of glycine is accompanied by an increase 
in the relative abundance of hydroxyproline and to a lesser extent proline in samples from 
groups A and C. The increase in hydroxyproline is unlikely to result from contamination as 
it is an amino acid peculiar to structural proteins such as bone collagen. Figure 4.13 
displays a partial GC profile of bone collagen amino acids from a largely unaltered 
archaeological collagen sample from group 0 (a), and a sample from Group A in which 
proline was identified in higher abundance than glycine (b). Interestingly, these results do 
not indicate the microbial decomposition of archaeological bone collagens, because the 
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carbon-rich amino acids alanine, aspartate, glutamate, and proline vary little in abundance 
between the modern and archaeological samples. 
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Figure 4.12. Comparison of the relative abundances of amino acids in bone collagen samples from 
archaeological groups A (navy), B (yellow), C (pink) and 0 (light blue), with theoretical relative 
abundances based on the amino acid composition of mammalian Type I collagen (green) from data 
in Vaughan (1981). 
Compound-specific 813C determinations were performed on 12 amino acids in the 
archaeological bone collagens, which constitute 84.8% of the carbon in collagen. 
Previously, modern rat bone collagen 813C values calculated from mass balance 
equations via amino acid 813C values and their relative abundances in collagen, showed 
good agreement with directly measured bone collagen 813C values (R2 = 0.91; Jones, 
2002). In order to ascertain whether the decreased abundance of particular amino acids in 
some of the archaeological collagens resulted in considerable alteration of bulk collagen 
813C values, bulk values were estimated using this method. Linear correlation analysis 
was performed between observed and calculated bulk collagen 813C values, and a very 
strong correlation was shown for each group, producing R2 values of 0.16 (Group A; 
~ 13Cobserved.Calculated = -0.4 ± 0.9%0), 0.97 (Group 8 ; ~ 13Cobserved-Calculated = -1.1 ± 0.7%0), 0.94 
(Group C; ~13Cobserved.calculated = -0.5 ± 1.0%0) and 0.99 (Group 0; 13Cobserved.calculated = -
0.7 ± 0.4%0) (Figure 4.14 (a), (b), (c) and (d) , respectively) . The poor R2 value exhibited for 
group A is an artefact of the minor isotope range within this population; it is evident from 
the scatter plot that calculated bulk collagen 813C values cluster on the x = y line. In each 
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group measured, bone collagen 013C values were slightly less enriched than calculated 
values, which is in agreement with the observation that the relatively 13C-enriched glycine 
was in lower abundance in the archaeological collagens than exhibited for modern 
collagen. Importantly, the 013C values of the archaeological collagens faithfully reflect bulk 
bone collagen 013C values, thus diagenetic alteration does not seem to explain the 
problems observed in the dietary and bone component models derived from bone 
collagen amino acid 013C values. 
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Figure 4.13. Gas chromatograms of amino acid TFAlIP esters in human bone collagen from group 
B (UCT 5210; above) and group A (51033; below). 
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Figure 4.14. Relationship between observed and calculated bone collagen 013C values in samples 
from groups (a) A, (b), B, (c) C, and (d) D. Dashed lines represent the theoretical x = y line. 
4.9 Summary 
This chapter has presented the results of the application of 21 mathematical dietary and 
bone component predictive models (Equations 4.1 - 4.21) to the palaeodietary 
reconstruction of humans and faunal species from four archaeological groups (A - D). The 
three animal-feeding experiments assessed were selected because they represent the 
most thorough isotopically-controlled experiments performed on animals with similar 
digestive physiologies to humans, namely: (i) a mouse-feeding experiment (Tieszen and 
Fagre, 1993), (ii) a rat-feeding experiment (Ambrose and Norr, 1993), and (iii) the pig-
feed ing experiment as discussed in Chapter 3 (Young, 2002). The models were 
constructed via bulk (collagen and apatite) and compound-specific bone component 813C 
measurements (cholesterol and collagen amino acids), and enabled the prediction of short 
and long-term whole diet, dietary protein and energy and bone collagen and apatite 813C 
values. Both qualitative models (exploiting the differences between diet and bone 
component 813C values (~13CDietcomponent-Bone component and ~13CBonecomponent-Bonecomponent 
values) and quantitative models (exploiting linear relationships between bone and dietary 
components via regression analysis to predict dietary and bone component 813C values) 
were assessed. In order to test the accuracy of the models they were applied to four 
archaeolog ical groups (Groups A - D) from geographically diverse regions which provided 
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samples comprising male, female and juvenile humans (n = 90), and various terrestrial (n 
= 25) and marine faunal species (n = 10). 
The whole diet qualitative and quantitative models derived from bone apatite c)13C values 
from each of the three experiments were shown to produce plausible insights into the 
long-term dietary habits of ancient humans from groups A-D. The success of this model 
in various geographical and climatic regions (Le. temperate North European and tropical 
African sites), indicates that negligible contamination of bone apatite has occurred. 
However, the long-term whole diet model constructed via bone collagen glutamate c)13C 
values was problematic, undoubtedly due to a degree of assimilation of the dietary amino 
acid. In addition, no pattern was observed with respect to protein intake; the model failed 
for the probable normal protein consumers in Group A and the very high marine protein 
consumers of group B. This may be indicative of increased assimilation of dietary 
glutamate in humans on normal and high protein diets when compared to rats. 
The dietary protein predictive models constructed from mouse bone collagen c)13C values, 
and both the qualitative and quantitative models derived from rat apatite and collagen 
values, predicted plausible dietary protein c)13C values in the archaeological populations. 
The dietary protein model constructed via bone collagen proline c)13C values produced 
erroneous c)13C values when applied to the archaeological samples, possibly due to 
differences in the balance between assimilation and de novo synthesis occurring between 
rats and other species. The strong correlation identified between proline and its 
biosynthetic precursor glutamate, both in terrestrial fauna and human adults indicated that 
in these individuals de novo synthesis may have been the dominant process, while in 
juveniles proline was seen to be directly incorporated into bone collagen. The dietary 
energy predictive model produced via rat bone collagen and apatite c)13C values yielded 
reasonable energy c)13C values, which were shown to be similar to predicted protein c)13C 
values in humans from Group A (Sedgeford) who consumed relatively monotonous diets, 
and more variable in humans from Group Band C (South Africa and Tanzania, 
respectively) who inhabited a more isotopically-complicated mixed C.jC4 coastal region. 
The dietary energy model derived from bone collagen amino acids via predicted whole 
diet and predicted protein c)13C values was problematic because of: (i) the inherent 
assumption that protein and energy comprise 20 and 80% of all diets, respectively, and (ii) 
its basis in whole diet and protein c)13C values predicted from glutamate and aspartate 
c)13C values, respectively, which had been already shown to produce erroneous values. 
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Both the qualitative and quantitative models constructed to gain insights into short-term 
whole diet 013C values showed potential when applied to the archaeological samples. 
Despite possible differences in !113CBone apatite-Cholesterol values between rats and the 
archaeological humans, the model resulted in the plausible conclusion that no major 
temporal dietary changes had occurred in humans from Group A, the Saxon population 
from Sedgeford, for whom temporal dietary changes were not antiCipated. Similarly, both 
the rat and pig long-term (via apatite) and short-term whole diet models (via cholesterol) 
predicted no Significant temporal dietary changes in Group A humans; however, both 
models predicted a systematic enrichment in predicted short-term over long-term whole 
diet 013C values. 
The utilisation of hydroxyproline and glutamate to predict bone collagen and apatite 013C 
values, respectively, was shown to produce inaccurate values when compared with 
measured bone component 013C values. This may have resulted from: (i) the observed 
correlation between hydroxyproline and collagen in rats being empirical and largely 
unfounded, given the complexity of the isotopic composition of collagen, which is a 
composite of its 19 constituent amino acid 013C values, and (ii) the partial assimilation of 
dietary glutamate, which has resulted in a different dietary signal to the whole diet 
indicator apatite. In addition, given the small errors associated with bone collagen and 
apatite 013C determinations when compared to those associated with amino acids, direct 
measurement of bone component 013C values was concluded to be the most reliable 
method. 
Thus, it was concluded that dietary models constructed via bone collagen, apatite and 
cholesterol 013C values yielded useful palaeodietary information, providing insights into 
the isotopic composition of long-term and short-term whole diet, and dietary protein and 
energy components of the archaeological populations. Contrarily, both the dietary and 
bone component predictive models derived from rat bone collagen amino acid 013C values 
produced disappointing results. A number of possible explanations for this outcome were 
investigated. It was concluded that: (i) the origins of amino acids in rat bone collagen 
reflects a different balance between assimilation and de novo synthesis than occurs in 
larger mammals and humans, and (ii) the utilisation of the rats raised on exclusively 20% 
protein diets prevented the models' applicability to individuals who consumed lower and 
higher protein diets. The diagenetic alteration of the archaeological bone collagens could 
not be implicated in the failure of the models because both their amino acid distributions 
and the calculated bulk collagen 013C values confirmed their integrity. 
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CHAPTER 5 
The Evaluation of a Multi-Proxy Stable Isotope 
Approach to Palaeodietary Reconstruction in a C3 
Coastal Region 
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5.1 Objectives 
Having assessed the applicability of mathematical models derived from animal-feeding 
experiments to palaeodietary reconstruction in Chapter 4, the principal aim of this chapter 
was to evaluate the utility of a multi-proxy stable isotope approach to the palaeodietary 
reconstruction of a human population who inhabited a C3 coastal region, namely the 
Middle Saxon population of Sedgeford, Norfolk, UK. In this thesis a multi-proxy stable 
isotope approach is taken to represent the combined use of bulk bone component 
(collagen and apatite) and compound-specific (cholesterol and collagen amino acids) &13C 
analysis, and bone collagen &15N analysis. This approach sought to combine: (i) the 
mathematical models which were considered applicable to palaeodietary reconstruction 
via application to archaeological groups A - D, and (ii) a qualitative multi-proxy approach, 
to assess the dietary habits of the Saxon population at Sedgeford. The latter qualitative 
approach exploited spacings between: (i) different bone components within individuals 
(~13ClndiVidual A bone component X -Individual A bone component y) to gain insights into the isotopic 
differences between dietary components within individuals, and (ii) the same bone 
components between individuals (~13ClndiVidual A bone component X-Individual B bone component X) in order 
to gain insights into dietary patterns within the population. 
The aim for this chapter was to investigate the Middle Saxon population of Sedgeford, 
who inhabited an isotopically-uncomplicated region, given the exclusive availability of C3 
terrestrial and marine food sources_ The purpose of investigating such a region was to 
enable an assessment of whether differences in nitrogen balance and turnover rates 
between juveniles and adults result in distinguishable bone tissue isotope values, 
particularly with respect to bone collagen amino acids. Since the investigation of bone 
collagen amino acid &13C values is still a novel venture in palaeodietary reconstruction, 
few results have been published with respect to human bone collagen &13C values (Hare 
et aI., 1991: Fogel et aI., 1997), while no results are available for juveniles. In addition, by 
focusing on a population which had a limited food isotope range available to them (Le. C3 
terrestrial versus marine), this allowed the assessment of whether the errors associated 
with amino acid &13C determinations obscured relatively minor isotopic differences 
between individuals. The aim of the palaeodietary reconstruction of the Sedgeford 
population was to investigate the dietary habits of a typical Middle Saxon community, the 
dietary habits of whom has been little investigated thus far. The specific aims of this 
investigation were to assess the dietary habits of the Middle Saxon population of 
Sedgeford with respect to: (i) the contribution of marine foods to the diet, (ii) the possible 
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seasonal nature of marine food consumption, and (iii) the influences of age and gender on 
dietary behaviour. 
5.2 Introduction 
5.2.1 Dietary reconstruction in C3 regions 
The palaeodietary reconstruction of human populations in northern Europe is challenging 
when compared to regions of the Americas and tropical Asia and Africa because of its 
isotopically-restricted C3 terrestrial and marine environment, in contrast with the wider 
isotope range in food sources present in the latter regions (C3 and C4 terrestrial and 
marine). Previously, only one confirmed example of C4 consumption in Europe has been 
reported, from Magdalenska Gora in Slovenia (Murray and Schoen inger, 1988). 
Furthermore, in periods subsequent to the Mesolithic the consumption of seafood and fish 
was not extensive in Europe and, with the exception of coastal regions of Portugal (Lubell 
et aI., 1994) and Denmark (Noe-Nygaard, 1988), typically constitutes at most a minor 
fraction of nutritional intake (van Klinken et aI., 2000). Thus, within terrestrial C3 regions 
bone collagen 813C and 815N analysis have typically been utilised to reveal the extent of: 
(i) marine food contribution to otherwise C3 diets and (ii) meat consumption. Both of these 
dietary characteristics can be identified by a slight enrichment in bone collagen 013C 
values (ca. 0.5 - 1%0) and a greater enrichment in 815N values (ca. 3%0 per trophic level). 
In a recent study of Late Mesolithic humans at sites along the Atlantic coast of Europe, 
Richards and Hedges (1999) presented a model to predict the marine protein abundance 
of otherwise C3 terrestrial diets, citing bone collagen 813C values of ca. -20%0 as indicative 
of diets with no marine protein « 5%), and -12%0 as indicative of almost 100% marine 
protein diets. Although this model is probably reasonably accurate, it was based on the 
assumption that bone collagen 813C values are proportional to the carbon content of only 
the protein components in the diet. In the same investigation it was also observed that 
Mesolithic Period humans in various geographical locations whose dietary protein was 
obtained almost exclusively from marine sources exhibited a narrow range of bone 
collagen 813C values (ca. -14%0), while a wider range of o15N values was observed 
between different geographical regions, with more enriched values exhibited in humans 
from Newfoundland (+20.3 ± 0.6%0) than Europe (+14.5 ± 1.3%0; Richards and Hedges, 
1999). In European sites humans consuming purely terrestrial and marine protein diets 
exhibited bone collagen 815N values of +5 to +12%0 and +12 to +20%0, respectively 
(Richards et aI., 1998). 
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Bone collagen S13C and S15N values have been utilised extensively in assessing the 
contribution of marine foods to otherwise C3 terrestrial diets (Tauber, 1981; Chisholm et 
aI., 1982; Schoeninger et aI., 1983a, b; Schoeninger and DeNiro, 1984; Mays, 1997; 
Richards et aI., 1998; Lillie, 2000; Privat et aI., 2002). However, the utilisation of carbon 
isotope analysis in investigating marine protein consumption in humans has been the 
subject of considerable debate. It has been hypothesised that the presence of marine 
foods in the diet may obscure the isotope Signal of the non-protein dietary components in 
bulk collagen S13C values because of their very high protein content, which would result in 
dietary interpretations which are biased towards the dietary contribution of marine foods. 
This assertion is supported by the findings of a rat-feeding experiment in which 
consumers of 70% marine protein diets exhibited a higher incorporation of dietary non-
essential amino acids into bone collagen than observed for 20% protein consumers. 
(Jones, 2002). 
5.2.2 Diet in the Anglo-Saxon period 
Both the scarceness with which Saxon settlements are identified (Cleary, 1995) and the 
variability of animal bone preservation between sites and species have imposed 
challenges on the investigation of human dietary habits in this period. Furthermore, the 
assessment of marine food consumption is hindered by the poorer preservation of fish 
bones when compared with larger animals. Further problems with dietary interpretations 
also result from the tendency to consume the fish on the bone (Hagen, 1992). Hence, little 
is known about the human consumption of aquatic foods in the Saxon period (Crabtree, 
1989; Hagen, 1992, 1995). Thus, the investigation of stable isotope values of human 
skeletons from Saxon cemeteries probably represents the most sensitive tool available to 
assess human dietary habits in this period. 
It has been estimated that the average Anglo-Saxon diet regularly included meat, which 
would mostly have been obtained from domestic cattle (Hagen, 1992). However, there is a 
certain amount of debate about livestock preference during the Saxon period. It has been 
hypothesised that the arrival of the Anglo-Saxons was associated with an increase in 
sheep relative to cattle due to the suitability of sheep to the milder climate in Britain 
(Welch, 1992). However, it has been calculated that cattle bones constituted 97.2% of the 
faunal assemblage at Yeavering (Hope-Taylor, 1977) and above 40% of the Cheddar 
assemblage (Rahtz, 1979). Other sites reveal higher concentrations of sheep/goat than 
cattle, for example, West Stow and Bishopstone (Bell, 1977; Crabtree, 1985). The West 
Stow assemblage was comprised of 34.3 - 36.3% cattle, 44.4% - 50% sheep/goats and 
13.7 -19.7% pigs (Crabtree, 1985). Other domestic animals which provided meat included 
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pigs and fowl, while wild deer, boar and birds were also frequently consumed (Arnold, 
1988; Hagen, 1992, 1995). Dairying provided secondary animal products such as butter, 
milk and cheese, which were produced from either cows', goats' or ewes' milk (Hagen, 
1992). 
The designation of "high status" foods may have been a feature of the Anglo-Saxon 
period, where particular food groups were exclusively consumed by the upper-classes 
(Hagen, 1992, 1995). The extent to which pork in the Saxon period was a high status food 
has been debated (Arnold, 1988), since pigs were also typically associated with the lower 
classes (Hagen, 1995). The Saxon period is also associated with both low and high class 
status-based fish consumption. "Fat fish", particularly, blubber fish, porpoises and seals 
were considered a delicacy (Hagen, 1995). Archaeological evidence for fish consumption 
is lacking; however, an intensive investigation of the 10th to 13th century deposits at York's 
Coppergate revealed the importance of marine fish in the Saxon period, where vast 
abundances of cod, haddock and herring and to a lesser extent, mackerel, horse 
mackerel, conger eel and thornback ray were identified (Spencer, 1979). Shellfish, 
particularly oysters, cockles and mussels, have also been identified in high concentrations 
on coastal Saxon sites and also, occasionally further inland. The only published 
investigation of human bone collagen &13C and &15N values of an Anglo-Saxon cemetery 
population indicated that fish consumption at Berinsfield, Oxfordshire was negligible, both 
in the higher and lower status individuals (Privat et aI., 2002). The observed range of bone 
collagen 515N values identified within the Berinsfield population (+8.4 to +12.8%0) was 
suggested to indicate differences in the amount of meat consumed. In the same 
investigation, males and females were indistinguishable on the basis of bone collagen 
&13C and &15N values, however, it was conceded that more subtle dietary differences 
which may have existed within the population could "not be detected by the type of 
analysis employed in this study" (Privat et aI., 2002). 
In the Medieval period a marine-rich diet may have been associated with upper-class 
individuals or populations. Bone collagen 513C values have been utilised to reveal a higher 
preponderance of seafood consumption in monastic than lay populations in north-eastern 
England (Mays, 1997). It was tentatively suggested that this resulted from monastic rules 
prohibiting a meat diet rather than being indicative of status-related dietary differences. In 
the same investigation, ten contemporary peasant burials at Wharram Percy exhibited 
similarly enriched bone collagen 513C values, consistent with marine food consumption 
(Mays, 1997); thus, assumed relationships between status and seafood consumption 
should be avoided. 
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5.2.3 The Middle Saxon site of Sedgeford, Norfolk 
Figure 5.1. The location of the parish of Sedgeford from Hoggett (2001) after Wade-Martins 
(1993). 
The parish of Sedgeford is located in north west Norfolk, several kilometres south of the 
North Sea and west of the Wash (Figure 5.1). The village straddles a fertile valley 
contained within the surrounding unproductive natural chalk uplands, with a small river, 
the Heacham, running through it. The valley and the river have underpinned the evolution 
of settlement in this area. The immediate source of fresh water and the relatively 
protected and fertile valley slopes would have been extremely attractive to communities 
settling in this area. Investigations thus far have indicated that the pre-Conquest 
settlement area was located on the south side of the valley, in the region now occupied by 
'Boneyard' field, which is the site of a significant proportion of the Middle Saxon cemetery. 
For reasons that are still unclear, which may be partly political and economic in nature, the 
settlement relocated in the post-Conquest period to occupy the north side of the valley, in 
a long strip extending from the Church in the west to Cole Green in the east. 
Following an intensive programme of both intrusive and non-intrusive archaeology, the 
foundation of the modern settlement was confidently dated to the Middle Saxon Period, 
set against a background of earlier dispersive and discontinuous occupation (Hoggett, 
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2001). The black and white aerial photograph of Sedgeford (Figure 5.2) illustrates the 
principal find spots of the Middle Saxon evidence in the parish, where the cemetery is 
contained within the yellow box. The Middle Saxon cemetery was first excavated in 1957-
8 by Dr P.A. Jewell who discovered 30 skeletons in what was then thought to be a Saxo-
Norman cemetery. It was established that the area west of the cemetery represented 
Middle (AD 650 - 850) to Late Saxon (AD 850 - 1150) occupation, which was dated via 
inspection of the characteristic Ipswich and Thetford ware pottery sherds, respectively 
(Wilson and Hurst, 1959). 
The cemetery is divided between two main areas with two very different depositional 
environments: Boneyard and Reeddam (Figure 5.3 (a)). The area north of Boneyard, 
known now as Reeddam, was intentionally levelled and flooded in the Norman period for 
reed cultivation, and as a consequence is profoundly waterlogged today. The excavations 
at Sedgeford were initiated again in 1996 by the Sedgeford Historical and Archaeological 
Project (SHARP) under Project Director Dr Neil Faulkner. Thus far 184 human skeletons 
have been exhumed although a further approximately 50 disarticulated skeletons have 
also been identified. The full extent of the Middle Saxon cemetery is not yet uncertain, 
however, it has been estimated that several hundred individuals were buried in the 
cemetery (Faulkner, 2000). The cemetery is reasonably large for the Saxon period, and is 
undoubtedly Christian, as indicated by the East-West oriented burials and the absence of 
grave goods. Individuals were very closely interred and occasionally buried on top of 
eachother. L-shaped iron fittings and nails excavated inside some of the grave cuts have 
indicated the presence of coffin interments, although these are largely confined to one 
small group in the eastern side of the excavation area. Thus, there appears to have been 
status differences within the population, because the majority of skeletons were buried in 
shrouds, which were identified by the closeness of these individuals' arms to the sides of 
their bodies and the occasional presence of bone or metal pins. In the deposits overlying 
the burials artefacts dating to the 8th and 9th centuries AD have been excavated. Two 
datable coins have also been excavated from these deposits: a sceatta of AD 730 - 50 
and a silver penny of King Eadwald of AD 796 - 98. The radiocarbon dating of one of the 
skeletons from the cemetery produced a calibrated date of AD 730 ± 40. 
Palaeopathological analysis has indicated that the Saxon population at Sedgeford was a 
healthy, tall and robust population. Although 33 cases of osteoarthritis were observed, the 
disease was confined to Older Adults (OA; 50+ years) and Mature Adults (MA, 35 - 50 
years). The mortality of females of childbearing age was high relative to similarly aged 
males, which is not uncommon in Saxon populations. Gender and age statistics are 
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displayed in Figure 5.4(a). Male and female adults were identified in almost equal 
abundances (52 and 55 diagnosable and possible males and females. respectively) while 
30 juveniles of various ages have also been identified. Further osteological analysis is 
currently being undertaken on 50 skeletons which could not be sexed due to the poor 
preservation of their cranial members and inominates. The size of the community 
represented in the Middle-Saxon cemetery at Sedgeford is difficult to ascertain and may 
reflect either multiple generations of a small community or one more extensive but short-
lived community (Hoggett. 2001). Although there was undoubtedly a monastic element to 
the site. there is much evidence of a mixed population engaged in agricultural production 
at Sedgeford (Hoggett. 2001). 
5.2.4 Zooarchaeological assemblage 
The Saxon site of Sedgeford has produced a large faunal assemblage. most of which 
post-dates the cemetery and is Late Saxon in origin. The results of number of identifiable 
specimens (NISP) analysis are presented in Figure 5.4 (b). The faunal assemblage 
retrieved thus far comprises a range of sheep (49%). cattle (23%) and pigs (17%). in order 
of prevalence. This distribution differs from that observed at the majority of Saxon sites 
where cows predominate, although it does mirror the pattern observed at West Stow. 
Suffolk (Crabtree. 1985). Identified bird bones included numerous domestic duck, fowl and 
geese. 
Although the cemetery and settlement of Sedgeford is located on the River Heacham and 
is just 5 miles inland, the evidence for both marine and freshwater fish species in the 
faunal record is scanty. Approximately 10,000 oyster shells have been identified, but there 
is only minimal evidence for the consumption of fish at the site. The small fish assemblage 
(n = 28) consisted of 18 marine species, 3 freshwater species, and 7 unidentifiable fish 
bones. Of marine species, the flatfish was present in highest concentrations (n = 8), while 
2 gadid and herring bones were also identified. The only freshwater species identified was 
the eel (n = 3) which is still fished in great quantities in Norfolk today. Flotation of several 
test pit and midden fills was performed with 1 and 6 mm meshes, thus, the low fish bone 
concentration is not attributable to inadequate retrieval methods. It is possible that 
fish bones have not been preserved because of their small size and lack of robustness, 
which can be further degraded during cooking. A major question relating to the extent of 
river and marine food consumption by the Saxon population at Sedgeford has emerged 





Figure 5,2, Detail of a black and white aerial photograph of Sedgeford showing the find spots of the Middle Saxon evidence from Hoggett 
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Figure 5.3. (a) Plan of SHARP's excavations showing the locations and relative completeness of the burials, (b) the all features 
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(a) 
n 
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Pig Cow Horse Deer Dog 
Figure 5.4. (a) Demographical analysis of the Saxon population of Sedgeford, and (b) the results of 
NISP (number of identifiable specimens) analysis of faunal species at Sedgeford . 
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5.3 Sample information 
Forty five human skeletons were submitted to bulk bone component (collagen and apatite) 
and compound-specific 013C analysis (collagen amino acids and cholesterol). Bulk bone 
collagen o15N determinations were also performed. The 45 human samples consisted of 
15 each of males, females and juveniles. Excavation numbers and all stable isotope data 
for the human skeletons from Sedgeford are catalogued in Appendix 3. A range of 
domestic faunal species excavated at Sedgeford were also submitted to bone cholesterol 
013C determinations to confirm that their diets consisted exclusively of C3 terrestrial 
components. 5 cow, sheep, goose and fowl bones and 2 pig bones were sampled for 
bone cholesterol 013C analysis. 
5.4 Preservation of bone tissues 
The integrity of the bone components selected for bulk and compound-specific isotope 
determinations was established via assessment of their extraction yields. Bone collagen, 
apatite and cholesterol yields and collagen C/N ratios for all human samples are 
presented in Appendix 5 and results are summarised in Table 5.1. Faunal bone 
cholesterol yields are also presented in Appendix 5. Collagen and apatite yields are 
expressed as percentage yields (w/w) and cholesterol is expressed in I-1g g-1. Typically, all 
human and faunal bones sampled produced sufficient collagen, apatite and cholesterol for 
isotope determinations. 
Table 5.1. Bone component yields for human samples from Sedgeford. Collagen and apatite are 
expressed in percentage yield (w/w) and cholesterol is expressed in f.lg g-1. 
Whole population 
Males (n = 15) 
Females (n = 15) 
Juveniles (n = 15) 
5.4.1 Bone collagen 
Collagen (%, w/w) 
2.5 ± 1.3 
1.9 ± 1.0 
3.3 ± 1.3 
1.9±0.6 
Apatite (%, w/w) 
58.3 ± 8.9 
63.2 ± 6.0 
57.5 ± 7.7 
53.9 ± 10.0 
Cholesterol (J.IG g-1) 
8.6 ± 4.4 
11.3 ± 3.4 
9.3 ± 3.4 
5.0 ± 3.8 
The preservation of human bone collagen samples from Sedgeford has been previously 
discussed in Section 4.8.3. Preservation was concluded to be good following assessment 
of: (i) amino acid distributions, and (ii) mass balance calculations via individual amino acid 
013C values which were shown to produce accurate estimations of bulk collagen 013C 
values. In addition, elemental analysis indicated that all C/N ratios of the purified collagens 
were within the criteria for well preserved collagen (2.9 - 3.6; see Appendix 5). Collagen 
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constitutes approximately 15 - 20% of modern bone, while archaeological samples 
typically exhibit between 0 - 15% (Ambrose, 1990). Although the percentage yields of 
collagen exhibited for the Sedgeford human bones was comparatively low (2.5 ± 1.3%), 
they were within the range typically observed for bone collagens from North European 
archaeological sites. 
5.4.2 Bone apatite 
Approximately 75.4% of modern bone is comprised of the mineral hydroxyapatite 
(Vaughan, 1981), however, depending on the burial environment, archaeological bone 
can contain considerably less. Apatite preservation at Sedgeford was good (58.3 ± 8.9%), 
although juvenile bones (53.9 ± 10.0%) contained less than adults (60.5 ± 7.4), possibly in 
some cases because the juvenile bones were not yet fully mineralised. 
5.4.3 Bone cholesterol 
Bone cholesterol quantification was performed using high-temperature GC analysis. GC 
profiles of a typical Sedgeford human bone (S0052) total lipid extract and neutral fraction 
are presented alongside a modern pig bone sample (4867) in Figure 5.5. The pig bone 
total lipid extract exhibited a suite of lipids characteristic of undegraded bone, which 
included triacylglycerols, diacylglycerols, free fatty acids, cholesteryl fatty acyl esters and 
free cholesterol (Evershed et aI., 1995; Stott et aI., 1997), while the archaeological bone 
contained just free cholesterol. The mean cholesterol concentration of the Sedgeford 
human bones was 8.6 ± 4.4 I-1g g-1, while juvenile bones exhibited lower cholesterol 
concentrations (5.0 ± 3.8 I-1g g-1) than adult males (11.3 ± 3.4 I-1g go') or females 
(9.3 ± 3.4 I-1g go,; Figure 5.6 (a». This may be attributed to the fact that abundances of 
tissue cholesterol (particularly in bones and tendons) increase with age (Sabine, 1977). 
Cholesterol abundances in the archaeological faunal bones (2.7 ± 2.1 I-1g gO'; Figure 
5.6 (b» were less than observed for humans (8.6 ± 4.4 ,..g g") which is unsurprising 
because modern human bone has been reported to contain considerably more cholesterol 
(0.25, % wet weight) than both dog (0.08, % wet weight) and baboon bone (0.03, % wet 
weight; Sabine, 1977). In addition, the extraction of animal bone marrow which is known 
to have been practiced in the Saxon period may have contributed to the cholesterol 
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Figure 5.5. Partial GC profiles of bone total lipid extracts (a) & (b) and neutral fractions as TMS 
derivatives (c) & (d) from a modern pig sample (4867) and an archaeological human femur from 
Sedgeford (50052), respectively. 
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Figure 5.6. Bone cholesterol concentrations (Ilg g-1) in (a) faunal and (b) human samples from 
Sedgeford, quantified via GC analysis of cholesterol TMS derivatives. 
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5.4.4 Bone collagen amino acids 
The preservation of bone collagen and its constituent amino acids in the Sedgeford 
human bones has been previously discussed in Section 4.8.3. Amino acid distributions 
were typically very similar to that of modern collagen, although in some samples 
hydroxyproline and proline were observed in higher abundances and glycine in lower 
abundance, than observed in modern bone collagen. 
5.5 Isotope analysis of faunal bone 
All bone cholesterol 813C determinations were performed in triplicate via GC-C-IRMS and 
all 813C values were within instrumental error (± 0.3%0) . As it was anticipated that a 
significant proportion of the diets of the Saxon human population at Sedgeford was 
obtained from the meat of domesticated animals, bone cholesterol 813C analysis was 
performed on a range of faunal species to ensure that they provided a pure C3 dietary 
isotope signal. The results of cholesterol 813C determinations of the faunal bones are 
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Figure 5.7. Bone cholesterol 013C values of domesticated species from Sedgeford . 
A narrow range of 4.4%0 (-25.5%0 to -29.9%0) was exhibited for the bone cholesterol 813C 
values of the 5 faunal species (sheep, pigs, cows, geece and fowl), and it can be seen 
from Figure 5.7 that all species exhibited a C3 terrestrial signal. This results from the 
exclusive availability of C3 terrestrial plants and grasses in Britain in the Saxon period . 
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Interestingly, the pigs displayed the most depleted bone cholesterol &13C value (-
29.5 ± 0.5%0), which may indicate that their diet was herbivorous rather than omnivorous 
in nature. Similarly depleted pig bone cholesterol &13C values have previously been 
observed at Medieval period Abingdon Vineyard (Jones, 1998). No significant differences 
were detected in bone cholesterol &13C values between terrestrial and avian species. The 
average goose &13C value (-28.7 ± 0.6%0) was more depleted than the average domestic 
fowl value (-27.0 ± 0.8%0), however, neither was distinguishable from terrestrial species. 
5.6 Bulk isotope analysis of human bone 
Bone collagen 813C and &15N, and apatite &13C determinations were performed via 
elemental analyser-IRMS and duel inlet-IRMS, respectively, and all isotope data are 
presented in Appendix 3. 
5.6.1 Bone collagen isotope analysis 
Bone collagen 813C and &15N values for human males, females and juveniles from 
Sedgeford are displayed in Figure 5.8. Human bone collagen &13C values exhibited a 
mean value of -20.2 ± 0.8%0, within a narrow range of -21.8%0 to -18.7, which is less 
enriched than would be anticipated if the population at Sedgeford were particularly reliant 
on marine protein consumption. For example, it has been estimated that human 
individuals who obtain >90% of their dietary protein from marine sources exhibit bone 
collagen 813C values of approximately -12%0 (Richards and Hedges, 1999). However, it is 
likely that a certain amount of marine protein was consumed by the Sedgeford population 
because the mean human bone collagen 813C value of the Sedgeford population (-
20.2 ± 0.8%0) is more enriched than the mean value of -21.8%0 observed in an inland 
Norwegian prehistoric population (Johansen et aI., 1986). Nonetheless, the human bone 
collagen 813C values do not provide evidence that the coastal population of Sedgeford 
heavily exploited marine sources for dietary protein. This finding is consistent with the 
paucity of fish bones identified during environmental analysis at Sedgeford. Unfortunately, 
bone collagen 813C values are not as helpful in exploring the possibility of shellfish 
consumption at Sedgeford because shellfish 813C values are not as enriched as other 
marine species. Mean flesh 813C and 815N values of -15.9 ± 2.0%0 and +8.8 ± 1.3%0, 
respectively, have been reported for an assemblage of modern shellfish from various 
geographical locations (n = 45; Richards and Hedges, 1999), thus primarily C3 terrestrial 
consuming humans showing slightly enriched 813C values may have had a shellfish 
contribution to their diet. Furthermore, gender and age differences were not apparent in 
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the bulk collagen 813e values of the Sedgeford population, where males, females and 
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Figure 5.8. Bone collagen 813C and 815N values of human males (blue diamonds), females (yellow 
squares) and juveniles (pink triangles) from Sedgeford. 
Bone collagen o13e and 015N values of juveniles from Sedgeford categorized by age are 
displayed in Figure 5.9 (a) and (b), respectively. A distinct pattern in bone collagen o13e 
and 015N values was observed , where the youngest individuals « 7 years) exhibited both 
the most depleted o13e and 015N values, i.e. -21 .5 ± 0.5%0 and +7.6 ± 1.7%0, respectively. 
Thus, a 15N-enriched weaning signal was not observed in these youngest individuals 
which is unsurprising as there is evidence that weaning in the Saxon period occurred at 
approximately 2 years of age (Hagen, 1992). There is also evidence that infants were 
weaned on to cereals and that cereal-based foods, bread in particular, were the staple 
diet of young children in the Saxon period (Hagen, 1992). It was reported that bread was 
the exclusive food available to children at the monastery at Abingdon (Knowles, 1940). 
This seems to be verified by the very depleted bulk collagen o13e and 015N values 
exhibited in these young juveniles, as the 015N values in particular indicate an almost 
complete dietary absence of both meat and marine protein. Beyond the age of 7, juvenile 
bone collagen o13e and 015N values are more enriched, i.e. -19.8 ± 0.7% and +9.8 ± 0.5%0, 
respectively, and are indistinguishable from adult values. 
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The mean bone collagen 015N value for the human population at Sedgeford was 
+9.1 ± 1.4%0, within a range of +5.7 to +11.8%0. This substantial range in 015N values 
(6.1 %0) indicates that a considerable amount of dietary variation was present within the 
population, which was a consequence of a variation in the dietary abundance of either: (i) 
marine protein, or (ii) animal protein. A bone collagen 015N value of 6.1%0 equates to 
approximately two trophic levels, as animal-feeding experiments have demonstrated 15N_ 
enrichment of approximately 2 - 3%0 per trophic level (Gaebler et aI., 1966; DeNiro and 
Epstein, 1981; Yoneyama et aI., 1983). The lowest bone collagen (515N value of +5.7%0 is 
likely to be indicative of a diet with little or no marine/terrestrial animal protein, and the 
highest (515N value of 11.8%0, indicative of a diet more abundant in marine/terrestrial 
animal protein. Furthermore, the gender of an individual does not appear to influence 
bone collagen (515N values, as only small differences were revealed between males 
(+9.2 ± 1.5%0) and females (+8.9 ± 1.2%0). This finding may indicate that the amount of 
meat consumed varied between whole families and was governed by class rather than 
gender. In an animal-feeding experiment utilising pigs, animals subjected to 20% marine 
protein diets (n = 4) exhibited a mean bone collagen (515N value of +12.1 ± 0.9%0, which 
may indicate that the Sedgeford individuals who exhibited more enriched (515N values 
obtained a portion of their dietary intake from marine protein. The range in Sedgeford 
bone collagen (515N values is more substantial than that exhibited at the Saxon site of 
Berinsfield, Oxfordshire (+8.4 to +12.8%0), where it was concluded that the individuals who 
exhibited enriched 015N values manifested a dietary contribution from the meat of 
freshwater animals (including fish and water birds). Furthermore, the moderate 
relationship evinced between bone collagen (513C and (515N values (R2 = 0.45; Figure 5.8), 
emphasises the concomitant enrichment observed in both (513C and (515N values in 
individuals whose diet includes marine protein. Thus, from the assessment of bulk 
collagen (513C and (515N values exclusively, what is revealed is a population with a primarily 
C3 terrestrial diet, which exhibits a reasonable variability in the amount of meat and 
possibly marine protein consumed. 
5.6.2 Bone apatite &13C analysis 
Bone apatite (513C values of Sedgeford males, females and juveniles are presented in 
Figure 5.10 (a). The results of bone apatite (513C determinations of the Saxon population at 
Sedgeford indicated the presence of a C3 terrestrial diet, where a mean 013C value of -
13.6 ± 0.7%0 was observed. Little variation was shown to be associated with age and 
gender, although males (-14.0 ± 0.6%0) and females (-13.6 ± 0.8%0) exhibited slightly more 
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depleted ,,13C values than juveniles (-13.4 ± 0.5%0). As discussed in Chapters 3 and 4, 
bone apatite is a reliable whole diet indicator and is typically enriched relative to whole 
diet by 9.0 to 10.1%0 (as shown in Equations 4.1 to 4.4). Although it was difficult to 
determine which of the latter models would most accurately predict whole diet ,,13C values 
in humans, Equation 4.11 constructed via second-generation adult pig bone apatite ,,13C 
values, was utilised in the dietary reconstruction of the Sedgeford population because of 
the similarities in metabolism between pigs and humans. Figure 5.10 (b) displays whole 
diet ,,13C values predicted via Equation 4.11, which are plotted with the ,,13C values of a 
pure C3 diet and a marine protein/C3 energy diet utilised in a rat-feeding experiment 
(Ambrose and Norr, 1993). Interestingly, almost all Sedgeford individuals plotted in the 
region of the marine protein/C3 diet (-23.3%0) rather than the pure C3 diet (-24.9). 
In order to gain insights into the relationship between predicted whole diet (via Equation 
4.11), and dietary protein and energy 013C values, the latter were calculated using 
Equations 4.16 and 4.18, respectively, which were both constructed from the rat-feeding 
experiment using bone collagen and apatite ,,13C values (Figure 5.10 (b)). These dietary 
protein and energy models were demonstrated in Chapter 4 to produce reasonable 
predictions of dietary component 013C values. In the Sedgeford population no significant 
difference was seen between predicted whole diet and energy ,,13C values, which is 
acceptable in a population who probably consumed a diet comprising of at least 80% 
energy macronutrients. However, the dietary models indicated that the dietary protein ,,13C 
values of the Sedgeford population were depleted by 4.6 ± 2.1%0 relative to whole diet 
,,
13C values and 5.6 ± 2.8%0 relative to energy ,,13C values. The absence of C4 energy 
components in Britain in the Saxon period indicates that this model has produced slightly 
implausible results, particularly since the suspected inclusion of marine protein in the diet 
would, to the contrary, enrich protein ,,13C values. Significantly, in Section 4.7.3 it was 
observed that the use of the rat qualitative model which exploited bone collagen and 
apatite spacings (Equation 4.6; when ~ 13Csone apatite-Collagen = 5.1 %0, then 
13 13 
" CProtein =:: 0 CWhoIe diet) produced a mean value of 6.6 ± 1.2%0 for the Sedgeford 
population, which also suggests that protein 013C values were depleted relative to whole 
diet and energy values. Again, this indicates that ~ 13CBone apatite-Collagen values may differ 
between rats and humans and this probably results from differences in collagen rather 
than apatite ,,13C values, as a consequence of the differing origins of carbon in rat and 
human bone collagen. Thus, an alternative method of assessing the relationship between 
the three dietary components is required, and the assessment of bone collagen amino 
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Figure 5.10. (a) Bone apatite 813C values, and (b) predicted whole diet, and dietary protein and 
energy 813C values (via Equations 4.11, 4.16 and 4.18, respectively) for Sedgeford males, females 
and juveniles. Dashed lines in (a) represent the bone apatite 813C values of rats reared on a pure 
C3 diet (-14.5%0) and a marine protein/C3 energy diet (-13.4%0), and dashed lines in (b) represent 
the isotopic composition of a pure C3 diet (-24.9%0) and a marine protein/C3 diet (-23.3%0) from a 
rat-feeding experiment (from Ambrose and Norr, 1993). 
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5.7 Compound-specific isotopic analysis of human bone 
5.7.1 Bone cholesterol a13c analysis 
Bone cholesterol 013C determinations of the Sedgeford population were performed to: (i) 
gain insights into temporal changes in the dietary habits of the population, and (ii) 
determine whether juveniles exhibited distinguishable bone cholesterol 013C values to 
adults. It has been previously reported that no differences in bone cholesterol 013C values 
exist between males and females in both control-fed rats (Jim, 2000) and pigs (Chapter 
3). Thus, in the Sedgeford population any differences observed between genders are 
likely to be dietary and cultural in nature rather than physiological. Until now bone 
cholesterol 013C analysis has not been extended to human juveniles. 
A mean bone cholesterol 013C value of -23.5 ± 1.3%0 was exhibited for the Sedgeford 
population with a 4.7%0 range being observed. Thus, the range of short-term whole diet 
013C values was considerably wider than that observed for long-term 013C values, since a 
narrower range was exhibited in bone apatite 013C values (2.1%O). The range in bone 
cholesterol (i13C values may represent differences in the amount of marine food 
consumption in the short-term diet of this population, where more enriched 013C values 
are related to increased marine dietary input. Again, it is not yet known whether bone 
cholesterol in humans turns over rapidly enough to reveal seasonal dietary changes. The 
99% turnover time measured for rat bone cholesterol via a series of diet switch 
experiments was estimated to be 289 days (Jim, 2000), which if similar in humans would 
obscure seasonal dietary trends. Figure 5.11 illustrates that females exhibited a much 
narrower range of cholesterol (i13C values (2.5%0) than males (4.7%0) or juveniles (6.1%0). 
This provides the first indication of gender differences in the dietary habits of the 
Sedgeford population and may be representative of the more limited dietary choices 
available to women in Middle Saxon Sedgeford. 
A further and more significant distinction in bone cholesterol 13C values relates to the 
juveniles. A considerable difference was observed between juvenile and adult bone 
cholesterol 013C values, where juveniles (-21.6 ± 1.8%0) were shown to be more enriched 
in 13C than adult males (-23.5 ± 1.3%0) and females (-23.5 ± 0.8%0; Figure 5.12). Two-
sample t-tests were performed, comparing juveniles and adult males (n = 15: t = 3.33, 
P < 0.05) and juveniles and adult females (n = 15: t = 3.56, P < 0.05), which confirmed 
that juvenile bone cholesterol 013C values differed from adult males and females. Whether 
the enriched juvenile 013C values originate from biochemical or dietary differences cannot 
be established. The results of the pig-feeding experiment in Chapter 3 indicated that bone 
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cholesterol in nursing piglets (and probably also human infants) is directly incorporated 
from sows' milk; however, none of the Sedgeford juveniles are young enough to be still in 
the nursing phase. It is possible that some of the Sedgeford juvenile bone cholesterol &13C 
values reflect recent dietary changes from a typical Saxon juvenile diet thought to be high 
in carbohydrates, such as cereals, to a diet more enriched in 13C due to the consumption 
of meat protein; however, the juvenile group is comprised of individuals of varying ages. 
The investigation of juvenile bone cholesterol &13C values from further Saxon and non-
Saxon archaeological sites of different periods is necessary to gain a clearer 
understanding of the nature of this enrichment in 13C. 
In order to investigate the relationship between long and short-term whole diet &13C 
values, the models constructed from bone apatite and cholesterol &13C values from the 
pig-feeding experiment (Equations 4.11 and 4.14) were applied to the Sedgeford 
population. Again, these models were selected, rather than the rat-derived models 
(Equations 4.8 and 4.12 from Jim, 2000) because pigs are more metabolically similar to 
humans, such that the pig models may produce more accurate results. Predicted long and 
short-term whole diet &13C values and ~ 13CPredicted long.Short-term whole diet values for the 
Sedgeford population are illustrated in Figure 5.12 (a) and (b), respectively. Typically, both 
predicted long and short-term whole diet c513C values plotted in the same region as the 
&13C values of a marine protein/C3 energy diet utilised in a rat-feeding experiment 
(Figure 5.12 (a); Ambrose and Norr, 1993). This may indicate the possibility of a marine 
protein contribution to diet. The majority of predicted short-term whole diet c513C values 
were enriched relative to long-term whole diet c513C values, however, ~ 13CPredicted long-Short-term 
whole diet values were low enough to be plausible for the Sedgeford population for whom 
only minor temporal dietary variations would be expected. As a result of their more 
enriched bone cholesterol c513C values, juveniles exhibited higher and more variable 
~ 13CPredicted long-Short-term whole diet values (-3.3 ± 2.0%0) than adults (-1.6 ± 1.4%0). However, the 
consistent enrichment in predicted short-term whole diet c513C values highlights a 
systematic error in the mathematical model constructed from adult pig bone cholesterol 
&13C values and may result from: (i) differences in the balance between direct 
incorporation and de novo synthesis of bone cholesterol between the control-fed pigs and 
humans or (ii) an artefact of the quantitative model itself since the slope of the equation of 
the line of best fit resulting from linear regression analysis was not 1 (Equation 4.14, m 
=1.07) . 
159 



















VO r···················· ................................................. .. ....... . 
-30 T 
Males Females Juveniles 
Figure 5.11. Bone cholesterol 813C values of Sedgeford males, females and juveniles. The dashed 
line denotes the bone cholesterol 813C value of an animal on a pure C3 diet in pig-feeding 
experiment (-26.40/00), as discussed in Chapter 3. 
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Figure 5.12. (a) Long term and short term whole diet 013C values predicted via Equations 4.11 and 
4.14, respectively, and (b) ~13Cpredicted long-Short whole diet values for Sedgeford males, females and 
juveniles. In (a) the black dotted lines denote a pure C3 diet (-24.9%0) and a 
marine protein/C3 energy diet (-23.3%0) from a rat-feeding experiment (Ambrose and Norr, 1993). 
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5.7.2 Bone collagen amino acid l;'3C analysis 
Individual bone collagen amino acid 013C values of the Sedgeford population were 
measured as TFAlIP esters via GC-C-IRMS analysis. Compound-specific 013C 
determinations were performed on 12 collagen amino acids for which adequate baseline 
resolution was achievable, of which 7 were classified as non-essential (alanine, glycine, 
serine, proline, hydroxyproline, aspartate and glutamate) and 5 were essential amino 
acids (leucine, isoleucine, threonine, valine and phenylalanine). However, it was observed 
that inconsistent and unreliable results were commonly obtained for 4 of these amino 
acids: serine, isoleucine, threonine and valine. This problem was attributable to the very 
low abundances of these amino acids in the archaeological bone collagens. Typically, the 
introduction of sufficient isoleucine for a reliable 013C determination would have resulted in 
overloaded peaks for other more abundant amino acids. Figure 5.13 presents a GC-C-
IRMS profile of bone collagen amino acids from a typical Sedgeford human sample and 
clearly illustrates the problem with respect to these 4 amino acids (denoted by blue 
peaks). This problem has also been identified in modern bone collagen samples, where in 
a pig-feeding experiment no correlation was observed in the essential amino acid 
isoleucine between dietary and bone collagen (R2 = 0.06; (Howland, 2003). Consequently, 
these 4 amino acids will not be utilised for palaeodietary interpretations in Chapters 5 or 6. 
However, this problem does not limit the amount of dietary information obtainable from 
individual amino acid 013C analysis, because alanine and glycine share a common 
pathway with serine (i.e. glucogenic amino acids) and 2 other essential amino acids 
(leucine and phenylalanine) are available to provide information on dietary amino acid 
013C values in the absence of isoleucine, threonine and valine 013C values. 
Throughout Chapters 5 and 6, bone collagen essential amino acids in figures are denoted 
by an asterisks (*) and data point error bars represent the uncertainty associated with the 
correction factors necessary due to the KIE associated with TFAlIP derivatisation (see 
Silfer, 1991 and Docherty, 2001). Within the Sedgeford population (n = 45) a mean range 
of 18.7 ± 2.2%0 was observed among the 8 bone collagen amino acid 013C values 
(21.6 ± 2.9%0 between all 12 amino acids). This considerable range is comparable to that 
observed in control-fed rats (Jones, 2002), pigs (Howland et aI., 2003) and other species 
(Macko et aI., 1987; Hare et aI., 1991; Fogel et aI., 1997; Uhle et aI., 1997; Johnson et aI., 
1998), and results from the fact that the isotopic composition of tissue amino acids is 
governed by: (i) the isotopic composition of their synthetic precursors, and (ii) potential 
isotopic fractionation associated with amino acid de novo synthesis. Typically, the acidic 
amino acids (aspartate and glutamate) were relatively enriched with respect to the 
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remaining amino acids (threonine, proline, serine, hydroxyproline and phenylalanine), and 
the neutral amino acids (leucine, isoleucine and valine) were relatively depleted with 
respect to the remaining amino acids. The observed enrichment in acidic amino acids 
results from their extra carboxyl group, which is more enriched in 13C by 15 - 20%0 than 
the rest of the molecule (Abelson and Hoering, 1961). The observed depletion in the 
neutral amino acids results from isotopic fractionation associated with the enzymatic 
decarboxylation of pyruvate to acetyl CoA, which is the precursor in their biosynthesis 
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Figure 5.13. Partial GC-C-IRMS profile of bone collagen amino acids analysed as TFNIP esters, 
from a human male from Sedgeford (S0037). The blue peaks (threonine, serine, valine and 
isoleucine) denote the compounds for which inconsistent 813C values were typically obtained due to 
their low abundances in bone collagen. The red squares denote co-injected standards. 
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Figure 5.14 (a) presents the bone collagen amino acid 813C values of a typical male 
(S0037), female (S0003) and juvenile (S1058) from the Sedgeford population and the 
amino acid 813C values of a pure C3 diet (Diet 8) utilised in a pig-feeding experiment 
(Howland, 2003). Notably, the bone collagen amino acid 813C values of the Sedgeford 
humans were shown to follow the pattern exhibited in the reference C3 diet 813C values, 
thus indicating the integrity of the archaeological bone collagens and their potential utility 
as palaeodietary indicators. Interestingly, there was little difference between the male (-
20.9%0), female (-19.8%0) and juvenile (-18.7%0) with respect to bulk collagen 813C values; 
however, differences were manifested in the individual amino acids &13C values. In 
general, the male and female amino acid 813C values were similar, while in the juvenile 
relatively enriched glycine and depleted proline 813C values were exhibited. However, the 
balance of glycine being relatively enriched by 4 - 5%0 and proline being relatively 
depleted by 8%0 in the juvenile, cancel each other out and results in similar bulk collagen 
813C values to the adult male and female samples. Glycine and proline constitute 16.9 and 
14.7% of the carbon in bone collagen, respectively; thus, the relative enrichment or 
depletion in their &13C values impact considerably on bulk collagen 813C values. The 
enriched glycine 813C value identified in the juvenile bone collagen was shown to be 
typical of Sedgeford juveniles (-13.1 ± 1.7%) which were typically more enriched than 
adult males (-14.4 ± 1.4%) and females (-15.3 ± 1.5%). 
The two essential amino acids leucine and phenylalanine exhibited almost identical 813C 
values in both the juvenile and adult bone collagens. Essential amino acids have only one 
pathway available to them; they must be directly incorporated from the diet and this is 
reflected in the narrow range of leucine and phenylalanine 813C values exhibited between 
the three individuals. In contrast, non-essential amino acids exhibit more complex 
histories; they can have several biosynthetic precursors or may be assimilated from the 
diet and this is reflected in the wider range of &13C values observed for these amino acids. 
Essential amino acids should represent useful dietary protein indicators, since the results 
of rat and pig-feeding experiments have shown little fractionation is associated with their 
incorporation into bone collagen (Jones, 2002; Howland et aI., 2003). Similarly, minimal 
diet-to-tissue fractionation in essential amino acids has been observed in crabs (+0.3%0) 
and moths (+1 - 3%0; Fantle et al., 1999; O'Brien et aI., 2000). Isotopic fractionation in 
essential amino acids results from physiological and metabolic processes and may also 
result from fractionation associated with catabolic processing of amino acids which are 
present in excess in the diet (Fogel et aI., 1997). 
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In order to investigate whether the relatively depleted proline 513C value observed in the 
juvenile, and which was exhibited in several other juveniles, represented a dietary or a 
biochemical/metabolic difference between juveniles and adults, ,113Cproline_Hydroxyproline values 
were assessed_ Evidence that proline is biosynthesised de novo (via its biosynthetic 
precursor glutamate) in human bone collagen rather than being incorporated from the diet, 
as in rats, was demonstrated via the good correlation exhibited between proline and 
glutamate 513C values in human samples from groups A - 0 (see Section 4.7.3). 
Furthermore, a poor correlation was observed between juvenile bone collagen proline and 
glutamate 513C values, probably as a result of the direct incorporation of proline from the 
diet into bone collagen in juveniles, which supports previous findings that proline is an 
essential amino acid in juvenile pigs and possibly humans (Ball et aI., 1986; Kirchgessner 
et aI., 1995). Irrespective of the source of carbon in bone collagen proline, its isotopic 
composition should correlate strongly with hydroxyproline which is synthesised from 
proline via hydroxylation after its incorporation into collagen peptides. A positive 
correlation (R2 = 0.80; n = 90:) was shown between the two amino acids in human bone 
collagen in Section 4.7.3; however, it appears that the strength of the correlation was 
weakened by the very depleted proline 513C values exhibited in many of the Sedgeford 
juveniles; the correlation between proline and hydroxyproline 513C values increases 
considerably (R2 = 0.88; n = 75) if the 513C values for juveniles are omitted. 
From Figure 5.14 (b) it is evident that much higher and typically more negative ,113CProline-
Hydroxyproline values were obtained for juvenile than adult male or female bone collagens, and 
this results from depleted proline rather than enriched hydroxyproline 513C values. A 
possible explanation for the divergence in proline and hydroxyproline 513C values in 
juvenile bone collagen is in their variable turnover rates in childhood because of the 
substantial amount of dietary proline required for growth and maintenance during the 
period of rapid growth in childhood. Interestingly, the one very negative adult ,113Cproline-
Hydroxyproline value was obtained for a female (50052; denoted by • in Figure 5.14 (b)) who 
suffered from chronic anaemia caused by iron deficiency and in addition possible 
osteomalacia due to calcium deficiency (van Twest, 2000). This female also exhibited a 
very depleted bone collagen 515N value (+6.9%o) indicative of a very low protein diet, 
which may have caused the anaemia. Iron is present in red meat in high quantities, 
whereas iron in plants is less easily absorbed, and phytates present in cereal crops inhibit 
iron absorption (Roberts and Manchester, 1997). Osteomalacia is the adult counterpart to 
juvenile rickets which involves the softening or demineralisation of the bones due typically 
to dietary calcium deficiency. These two conditions which both profoundly impact on bone 
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metabolism and possibly influence the bone collagen turnover rate of an individual, are 
likely to explain this anomalous ~ 13Cproline-Hydroxyproline value. However, very little is yet known 
about the relative turnover rates of amino acids in bone collagen (Jones, 2002). 
Irrespective of the mechanism behind the deviant glycine and proline values exhibited in 
juveniles, such dynamics are obscured via bulk collagen 813C determinations and this 
underscores the potential of bone collagen amino acid 813C analysis in palaeodietary 
reconstruction. 
In order to gain insights into the relationship between protein and whole diet 813C values 
between males, females and juveniles, the essential amino acid phenylalanine was 
compared to the non-essential amino acids alanine and glycine. Both amino acids have 
glucogenic biosynthetic precursors, and thus, if biosynthesized de novo, their 813C values 
should reflect the isotopic composition of dietary carbohydrates. The good relationship 
exhibited between bone apatite and both alanine (~13CBone apatite-Alanine = 9.5 ± 1.8%0) and 
glycine 813C values (Ll13C Bone apalite-Glycine = 0.6 ± 2.0%0) suggested that both of these amino 
acids are largely synthesized de novo. Although alanine and glycine 813C values reflect 
the isotopic composition of dietary carbohydrates, they correspond well with apatite, the 
whole diet indicator, because energy components constitute the major source of carbon in 
normal diets. Thus, glycine and alanine 813C values may represent the two bone collagen 
amino acids most indicative of whole diet values. It was shown in Sections 4.7.2 and 4.8.1 
that glutamate and aspartate did not represent whole diet indicators in humans probably 
because a certain proportion of these amino acids in bone collagen are incorporated from 
the diet. Figure 5.15 (a) and (b) present ~13CGlycine_Phenyialanlne and ~13CAlanine_Phenyialanine 
values, respectively, and it is evident that males and juveniles are distinguishable from 
females with respect to both values. Both ~ 13CAlanine-Phenyialanine and ~ 13CGlycine-Phenyialanine 
values are considerably higher for males (0.2 ± 2.3%0 and 9.2 ± 6.4%0) and juveniles (-0.3 
± 2.2%0 and 8.9 ± 2.7%0) than for females (-2.5 ± 1.5%0 and 6.4 ± 2.1%0), respectively. T-
tests confirmed that both female Ll13CAlanlne-Phenyialanine and ~ 13CGlycine-Phenyialanine values 
differed from males (n = 14: t = -3.92, P < 0.05 and t = -3.85, P < 0.05, respectively) and 
juveniles (n = 14: t = -3.19, P < 0.05 and t = -2.92, P < 0.05). Furthermore, females 
exhibited a narrower range of bone collagen alanine and glycine 813C values (3.9 and 
4.4%0) than males (6.9 and 4.7%0) or juveniles (7.3 and 6.0%0). This finding either indicates 
that female dietary protein 813C values were more enriched, or that a different balance 
between incorporation and de novo synthesis of these amino acids exists in females, 
which may relate to pregnancy and lactation. However, the latter explanation is unlikely in 
older and very young females because there is no biochemical precept for healthy males 
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and females differing with respect to protein metabolism and the results of bone collagen 
amino acid 013C analysis of control-fed rats (Jones, 2002) and pigs (Howland , 2003) 
revealed no isotopic differences between the genders. 
Figure 5.14. (a) Individual bone collagen amino acid and bulk collagen 813C values of a typical 
Sedgeford male (S0037; blue diamonds), female (S0003; yellow squares) and juvenile (S1058; 
pink triangles); the green circles denote the 813C values of the C3 diet (Diet 8) from the pig-feeding 
experiment (Howland et aI. , 2003), and (b) tl13Cproline_HydroXyproline values for Sedgeford males, female 























































Figure 5.15. (a) t,13C GIYCine_Phenylalanine, and (b) t,13C Alanine_PhenYlalanine values, for Sedgeford males, 
female and juveniles. 
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In order to investigate additional trends in Sedgeford male, female and juvenile bone 
collagen amino acid (513C values, further statistical analysis was undertaken to assess the 
range of (513C values exhibited for each amino acid. Table 5.2 presents the mean, range, 
maximum and minimum (513C values of all bulk and individual bone components. Within 
the Sedgeford population a considerably wider range in (513C values was shown in bone 
collagen amino acids than bulk bone components and to a lesser extent, bone cholesterol. 
In order to determine whether this finding was attributable to the errors and uncertainty 
associated with amino acid (513C determinations, histograms were constructed to assess 
the (513C value ranges observed for each bulk bone component and individual compound 
(Figures 5.16 and 5.17). It was hypothesized that if the range in (513C values of a particular 
bone collagen amino acid resulted from the errors associated with their (513C 
determinations, a wide but normal distribution would be manifested. In contrast, if the 
range of (513C values exhibited a skewed rather than a normal distribution this was likely to 
reflect dietary differences. The most notable feature of the histograms was the 
exceptionally wide range of (513C values exhibited for bone collagen aspartate, particularly 
with respect to males (-29.7 to -10.9%0; range 18.8%0) and juveniles (-26.2 to -5.4%0; range 
20.8%0), and to a lesser extent females (-24.7 to -14.6%0; range 10.1%0). 
Evidently, several of the aspartate (513C values within the male and juvenile ranges were 
extremely enriched for a population located within a C3 region. However, the mean 
aspartate (513C values observed for males (-19.8%0), females (-21.2%0) and juveniles (-
18.1%0) are very similar to aspartate (513C values obtained for rats (-21.3 ± 1.1%0; Jones, 
2002) and pigs fed pure C3 diets (-20.1 ± 1.5%0; Howland, 2003). However, 4 of the male 
and 3 of the juvenile samples produced aspartate (513C values of> -15%0 which cannot be 
simply indicative of their dietary intake. Glutamate (513C values also exhibited a 
considerable isotope range, again in particular with respect to males (-25.5 to -13.4%0; 
range: 12.1%0) and juveniles (-25.7 to -12.4%0; range: 13.3%0). Interestingly, observed 
glutamate (513C values were typically more depleted in the Sedgeford males (-
19.5 ± 3.4%0), females (-17.4 ± 2.3%0) and juveniles (-17.2 ± 3.7%0) when compared to 
glutamate (513C values obtained for rats (-15.0 ± 1.1%0; Jones, 2002) and pigs fed pure C3 
diets (-15.0 ± 1.3%0; Howland, 2003). However, the mean glutamate (513C value observed 
for the Sedgeford humans (-18.0 ± 3.3%0) is similar to glutamate 013C values obtained for 
a C3-consumer in a different pig-feeding experiment (-19.2%0), and modern and 
archaeological humans from a C3 region in Tennessee, USA (ca. -25%0; Hare et aI., 1991). 
No explanation for the considerable isotope range in aspartate and glutamate 013C values 
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can be given at this stage. This finding is unlikely to result from analytical errors because 
all archaeological bone collagen amino acid cS13C determinations were performed in 
triplicate with three co-injected standards (alanine, phenylalanine and lysine TFA methyl 
esters) and throughout analyses the co-injected standards were typically within the 
instrumental error of the DELTAPlus XL system (± 0.3%0). In addition, it is undoubtedly 
significant that males and juveniles were again distinguishable from females who 
exhibited a considerably smaller range in bone collagen aspartate and glutamate cS13C 
values. Thus, Sedgeford females differed from males and juveniles in exhibiting: (i) a 
substantially narrower range in bone cholesterol and thus short-term whole diet cS13C 
values, (ii) lower ~ 13CAlanine-Phenylalanine and ~ 13CGlycine-Phenylalanine values, and (iii) a 
considerably narrower range of aspartate and glutamate 013C values. It appears that a 
more restricted and less variable diet was available to females at Sedgeford, although a 
higher meat protein contribution may be represented in the lower ~ 13CAlanine-Phenylalanine and 
~13CGlycine-Phenylalanine values obtained for females. Whether the nature of this protein 
contribution is terrestrial or marine in nature is unknown, but the possibility that females at 
Saxon Sedgeford were exposed to a higher protein diet was not anticipated. 
5.7.3 Bone collagen amino acid 811C value ranges in Groups A- 0 
With the purpose of further assessing the wide range in bone collagen aspartate and 
glutamate 013C values observed in the Saxon population at Sedgeford, the ranges of bone 
collagen amino acid 513C values in the Sedgeford humans were compared with those 
observed for humans from South Africa (Group B) and Zanzibar/Pemba (Group C), and 
marine and terrestrial fauna from Groups A - 0, and are illustrated in Figure 5.18. 
Although a wider range was observed in bone collagen amino acid 013C values of humans 
from South Africa and Zanzibar/Pemba this is attributable to the availability of foods with 
C3, C4 and marine isotope signatures in these latter regions. Furthermore, the 
considerable isotope ranges exhibited in the African humans was not confined to 2 amino 
acids such as aspartate and glutamate, but were observed with respect to all non-
essential and to a lesser extent essential amino acids. 
170 
Chapter 5 A Multi-Proxy Approach to Palaeodiet in a Cl Coastal Region 
Table 5.2. Summarised statistical information on bulk and individual bone component isotope 
measurements for Sedgeford males, juveniles and females. 
Gender Males n= Mean Range Minimum Maximum 
Males Alanine 14 -23.4 ± 1.8 6.9 -26.7 -19.8 
Glycine 14 -14.4 ± 1.4 4.7 -17.0 -12.3 
Proline 14 -20.7 ± 1.3 5.6 -23.1 -17.5 
Hydroxyproline 14 -20.9 ± 1.7 5.5 -23.5 -18.0 
Aspartate 14 -19.8 ± 6.5 18.8 -29.7 -10.9 
Glutamate 14 -19.5 ± 3.4 12.1 -25.5 -13.4 
Leucine* 14 -33.0 ± 1.4 4.6 -35.0 -30.4 
Phenytalanine* 14 -23.6 ± 1.9 6.7 -27.3 -20.6 
Collagen (S1lC) 14 -20.2 ± 0.7 2.1 -21.3 -19.2 
Collagen (S15N) 14 9.2 ± 1.5 5.2 6.1 11.2 
Apatite 13 -14.0 ± 0.6 2.1 -15.2 -13.1 
Cholesterol 14 -23.5 ± 1.3 4.7 -25.8 -21.1 
Females Alanine 16 -24.1 ± 1.1 3.9 -26.1 -22.2 
Glycine 16 -15.3±1.5 4.4 -17.9 -13.5 
Proline 16 -20.9 ± 1.1 4.2 -22.9 -18.7 
Hydroxyproline 16 -20.3 ± 1.2 4.2 -21.6 -17.4 
Aspartate 16 -21.2 ± 2.8 10.1 -24.7 -14.6 
Glutamate 16 -17.4 ± 2.3 8.1 -22.6 -14.5 
Leucine* 16 -32.2 ± 1.3 3.8 -34.6 -30.8 
Phenytalanine* 16 -21.8 ± 2.3 9.2 -27.8 -18.6 
Collagen (S1lC) 16 -20.0 ± 0.7 2.5 -21.4 -18.9 
Collagen (815N) 14 8.9 ± 1.2 4.8 6.9 11.8 
Apatite 13 -13.6 ± 0.8 2.8 -15.4 -12.7 
Cholesterol 16 -23.5 ± 0.8 2.5 -25.1 -22.6 
Juveniles Alanine 15 -22.3 ± 1.9 7.3 -26.1 -18.8 
Glycine 15 -13.1 ± 1.7 6.0 -16.5 -10.5 
Proline 15 -22.0 ± 3.0 11.2 -28.7 -17.5 
Hydroxyproline 15 -19.5 ± 1.2 4.3 -21.6 -17.3 
Aspartate 15 -18.1 ±5.2 20.8 -26.2 -5.4 
Glutamate 15 -17.2 ± 3.7 13.3 -25.7 -12.4 
Leucine* 15 -32.0 ± 1.6 5.6 -34.6 -29.0 
Phenytalanine* 15 -22.0 ± 2.1 8.6 -24.4 -15.8 
Collagen (S13C) 13 -20.3 ± 1.0 3.2 -21.8 -18.7 
Collagen (015N) 13 9.1 ± 1.4 5.0 5.7 10.7 
Apatite 15 -13.4 ± 0.5 1.4 -14.2 -12.8 
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Figure 5.16. Histograms illustrating the range and distribution of alanine, glycine, leucine, proline, 
hydroxyproline, and aspartate S13C values of Sedgeford males, females and juveniles. 
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Figure 5.17. Histograms illustrating the range and distribution of glutamate, phenylalanine, 
collagen, apatite and cholesterol 813C and collagen 815N values of Sedgeford males, females and 
juveniles. 
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Figure 5.18. Bone collagen amino acid S13C value ranges comparing (a) Sedgeford humans to (b) 
South African humans (group B), (c) Tanzanian humans (Group C) and (d) terrestrial , and (e) 
marine faunal species (from Groups A -0). 
The range in (513C values observed in the South African humans was very similar for each 
bone collagen amino acid (from 14.7%0 for phenylalanine to 16.5 %0 for aspartate). when 
compared to individuals from Sedgeford (from 6.0%0 for leucine to 24.3%0 for aspartate). 
Similarly, relatively similar amino acid (513C value ranges were also identified in both the 
terrestrial (from 10.1 %0 for phenylalanine to 19.2% for glycine) and marine fauna (from 
5.3%0 for phenylalanine to 7.7% for hydroxyproline). Typically, a wider range of (513C 
values was observed for human bone collagen amino acids when compared to faunal 
species, a trend that has been reported previously (Fogel et aI., 1997), which undoubtedly 
results from the more monotonous dietary sources consumed by animals when compared 
to humans. However, the considerable range of (513C values exhibited for aspartate and 
glutamate was exclusive to the Sedgeford population and the further investigation of 
archaeological human bone collagen 813C values is necessary to elucidate this finding. 
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5.8 Evaluation of multi-proxy stable isotope approach to C3 coastal regions 
The application of a mUlti-proxy stable isotope approach to the palaeodietary 
reconstruction of the Middle Saxon population at Sedgeford has shown much promise. 
The utilisation of individual bone collagen amino acid &13C determinations. in particular. 
has allowed the assessment of trends in essential and non-essential amino acid &13C 
values which were otherwise obscured via bulk collagen &13C determinations. Thus. 
insights into the relationship between protein and whole diet &13C values were enabled via 
assessment of 613CNon esssential.Essential amino acid values. The primary limitation of the 
application of bone collagen amino acid &13C analysis to the palaeodietary reconstruction 
of humans in regions which exhibit narrow isotope ranges (such as in C3 coastal regions) 
is in the errors associated with amino acid &13C determinations. These errors result from: 
(i) the kinetic isotope effect (KIE) associated with the derivatisation procedure. and (ii) the 
molar ratio of derivative-to-sample carbon. The KIE associated with the acetylation of 
amino acids is reproducible for each amino acid, thus correction factors were utilised to 
calculate the &13C values of bone collagen amino acids. However, the addition of five 
carbons during the production of TFAlIP esters results in a further loss of precision, the 
degree of which is governed by the molar ratio of derivative-to-sample carbon. 
In future, it is perhaps necessary to identify an alternative less carbon-rich amino acid 
derivative for use in bone collagen amino acid &13C determinations. Esterification and 
acetylation procedures have been utilised since the 1970s in GC analyses of individual 
amino acids (Moss et aI., 1971; Adams, 1974) and more recently in GC-C-IRMS analysis, 
in which various combinations of esterification and acetylation have been employed (Silfer 
et al.. 1991; Demmelmair and Schmidt, 1993; Johnson et aI., 1993; Silfer et aI., 1994; 
Metges et aI., 1996; Simpson et aI., 1997; Fantle et aI., 1999; Metges and Daenzer. 
2000). Figure 5.19 illustrates the structure of the amino acid glycine derivatised as (a) a 
trifluoroacetyl isopropyl (TFAlIP) ester (5 derivative carbons), (b) an n-pivaloyl-i-propyl 
(NPP) ester (8 derivative carbons) and (c) an n-acetyl-n-propyl (NAP) ester (5 derivative 
carbons). NPP esters are unsuitable for isotope work because of the excessive amount of 
carbon in these derivatives, whilst problems in obtaining baseline resolution for several 
bone collagen amino acid NAP esters have also been reported (Metges et aI., 1996). 
However, the use of TFAlIP derivatives has also produced gas chromatographic 
difficulties, described in Section 5.7.2, which, combined with the errors associated with 
amino acid TFAlIP ester &13C determinations, indicate that they are not entirely ideal 
derivatives for &13C analysis. In addition, during prolonged use of TFAlIP esters in the 
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present research the gaseous HF generated upon combustion was shown to degrade the 
combustion interface of the GC-C-IRMS. 
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Figure 5.19. Esterification and acetylation amino acid derivative structures: (a) glycine 
trifluoroacetyl isopropyl (TFAlIP) ester, (b) glycine n-pivaloyl-i-propyl (NPP) ester, and (c) glycine n-
acetyl-n-propyl (NAP) ester. Derivative groups are represented in blue. 
5.9 Summary 
This chapter has presented an evaluation of a multi-proxy stable isotope approach to 
human palaeodietary reconstruction in a C3 coastal region, namely an investigation into 
the dietary habits of the Middle Saxon population at Sedgeford, Norfolk. The combination 
of bulk bone component (collagen and apatite) and individual compound (cholesterol and 
individual collagen amino acids) 813C and collagen 815N determinations has provided a 
wealth of information into the dietary habits of human males, females, and juveniles of this 
Saxon populations. Furthermore, this research has afforded a glimpse of the 
palaeodietary insights achievable via the relatively novel compound-specific isotope 
approach. 
The palaeodietary insights revealed about the Saxon population at Sedgeford via bulk 
bone component isotope analysis may be summarised as such: 
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(i) Bone collagen 013C and 015N values indicated the presence of a primarily C3 
terrestrial diet. 
(ii) Bone collagen 013C and 015N values provided no evidence of gender-related dietary 
differences at Sedgeford and it was concluded that observed dietary differences may 
have been at the family level and reveal class-defined dietary habits. 
(iii) The considerable range within the population with respect to bone collagen 015N 
values (6%0) provided evidence of dietary variability which may be indicative of class 
differences in the availability of terrestrial and marine protein foods. 
(iv) Bone collagen (i13C and (i15N values revealed that younger juveniles (S7 years of 
age) consumed a lower protein, possibly cereal-based, diet than older juveniles and 
adults. 
(v) Insight into differences in whole diet and dietary protein and energy (i13C values 
were investigated via Equation 4.11 and Equations 4.17 and 4.19 (from rat-feeding 
experiment), however, results indicated a depletion in dietary protein relative to 
whole diet and dietary energy (i13C values. which was seen to be a possible 
consequence of differences in the origins of carbon in bone collagen between rats 
and humans. 
In addition, compound-specific isotope analyses of the Sedgeford population indicated 
that: 
(i) Juveniles exhibited consistently enriched bone cholesterol (i13C values relative to 
adults, although the investigation of juvenile cholesterol (i13C values from further 
archaeological sites and perhaps animal controlled-feeding experiments is 
necessary to understand the basis of this enrichment. 
(ii) The substantially wider isotope range observed in bone cholesterol than apatite 013C 
values indicated a higher degree of variability in short-term diets, although it can not 
be certain if this results from seasonal dietary habits. 
(iii) Bone apatite and cholesterol (i13C values interpreted using long and short-term 
whole diet models (Equations 4.11 and 4.14, respectively). indicated that short-term 
diet (i13C values were typically slightly more enriched than long-term whole diet 
values. However this systematic enrichment in predicted short-term whole diet 013C 
values undoubtedly results from an inaccuracy associated with the short-term whole 
diet model (Equation 4.14). 
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(iv) Compound-specific 813C determinations of bone collagen amino acids via GC-C-
IRMS was shown to produce erroneous values for 4 amino acids (serine, isoleucine, 
threonine and valine) due to their low abundances in bone collagen. 
(v) Compound-specific 813C values of 8 bone collagen amino acids from Sedgeford 
humans were shown to be similar to amino acid values in a reference C3 diet, thus 
substantiating their potential utility as palaeodietary indicators. 
(vi) Typically, juveniles exhibited more enriched bone collagen glycine and more 
depleted proline 813C values when compared to adults. Since glycine and proline 
comprise 16.9 and 14.7% of the carbon in bone collagen, respectively, the relative 
balance of enriched glycine and depleted proline 013C values resulted in similar bulk 
collagen .s13C values. 
(vii) Females exhibited distinguishable trends from males and juveniles in producing: (i) a 
substantially narrower range in bone cholesterol and thus short-term whole diet .s13C 
values, (ii) lower ~ 13CAlanine-Phenyialanine and ~ 13CGlycine-Phenyialanine values indicating more 
enriched protein .s13C values, and (iii) a considerably narrower range in bone 
collagen aspartate and glutamate 813C values. 
(viii) A substantial range in bone collagen aspartate and to a lesser extent glutamate i)13C 
values was observed throughout the Sedgeford population, although primarily with 
respect to males and juveniles. The nature of this range was not thought to be 
representative of an equal range in dietary component .s13C values and requires 
further investigation. The range of 813C values in the 8 bone collagen amino acids 
exhibited in individuals from the Sedgeford population was compared to other 
humans and terrestrial and marine fauna from groups A - 0; however, more uniform 
.s13C value ranges were observed for each amino acid in these latter groups. 
Thus, it is evident that the utilisation of a multi-proxy stable isotope approach provided 
further dietary information with respect to: (i) temporal dietary changes via bone 
cholesterol .s13C values, and (ii) the relationship between dietary protein and whole diet 
.s13C values via the comparison of essential and non-essential amino acid .s13C values 
(e.g. ~13CAlanine-Phenyialanine and ~13CGI~ne-Phenyialanine values), both of which are obscured 
using an exclusively bulk bone component approach. This multi-proxy stable isotope 
approach has extended our knowledge of the dietary habits of a typical monastic/lay 
Middle Saxon settlement, where it has been revealed that: (i) there was considerable 
variation in the amount of terrestrial and marine protein consumed, (ii) young juveniles 
were restricted to a very low-meat diet of which bread was probably the staple food, and 
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(iii) less variation in female diet was observed in short-term whole diet &13C values, and in 
the assessment of essential and non-essential amino acids it appears that females had 
access to a more enriched protein diet, which may be due to the higher consumption of 
terrestrial and marine meat protein. The latter palaeodietary insight was obscured in bulk 
bone component isotope analysis where no substantial distinction was observed with 
respect to gender or age. Ultimately, more method development aimed at reducing the 
errors associated with bone collagen amino acid &13C determinations is now required to 
refine the multi-proxy stable isotope approach in C3 coastal regions. 
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CHAPTER 6 
The Evaluation of a Multi-Proxy Stable Isotope to 
Palaeodietary Reconstruction in a Mixed 
C~C4 Coastal Region 
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6.1 Objectives 
Chapter 5 presented the evaluation of a multi-proxy stable isotope approach to the 
palaeodietary reconstruction of a human population that inhabited a comparatively 
isotopically-uncomplicated C3 coastal region. Despite the challenge resulting from the 
narrow isotope range in such regions it was shown that a wealth of novel dietary 
information emerged upon the utilisation of this combined bulk bone component and 
compound-specific isotope approach. Thus, the aim of the present chapter was to perform 
a similar evaluation of the multi-proxy stable isotope approach, this time in the 
palaeodietary reconstruction of humans who inhabited a complex mixed C-jC4 coastal 
region, namely Holocene hunter-gatherers of the Cape region of South Africa. The 
investigation of Holocene human diet in the Cape region of South Africa has been 
fundamental to our knowledge of local hunter-gatherer subsistence and mobility 
(Parkington, 1991), and the contribution of stable isotope analysis to such investigations 
has been decisive (Sealy and van der Merwe, 1986; Sealy et aI., 1987). 
There are two major limitations to using bone collagen 013C and 015N determinations when 
applied to humans who inhabited the Cape region of South Africa: (i) the utilisation of 
bone collagen 015N values as marine dietary indicators has been shown to be unreliable in 
extremely arid environments, where highly enriched bone collagen 015N values are 
obtained (Heaton et aI., 1986; Sealy et aI., 1987), and (ii) bone collagen 013C values 
cannot be utilised in the estimation of marine food consumption in regions of South Africa 
where C4 grasses are present, because the carbon isotopic difference between marine 
foods (mean 013C -17%0) and C4 terrestrial plants (mean 013C -12.5%0) is not substantial 
enough to enable accurate dietary interpretations. Furthermore, it has been interpreted 
from human bone collagen 013C and 015N values that hunter-gatherers who inhabited 
coastal sites in the Cape region may have obtained almost their entire protein intake from 
marine sources. Thus, this investigation will also enable an assessment of the impact of 
high marine protein diets on tlie balance between assimilation and de novo synthesis of 
consumer bone collagen non-essential amino acids, via their comparison with normal 
protein consumers, such as interpreted at Sedgeford in Chapter 5. 
The specific objectives of this investigation were to: 
(i) Evaluate the utility of a multi-proxy stable isotope approach to palaeodietary 
reconstruction of humans who inhabited mixed C-jC4 coastal regions where marine 
dietary sources appear to have been heavily exploited. 
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(ii) Assess whether human C4 and high marine protein consumers who exhibit 
overlapping bulk bone collagen 013C values could be distinguished via assessment 
of their bone collagen amino acid 013C values. 
(iii) Develop a novel marine dietary indicator to complement bone collagen 015N values, 
for particular application to palaeodietary reconstruction in extremely arid regions. 
For this purpose, human skeletons (n = 30) were selected from the climatically diverse 
regions of the southern and western Capes of South Africa, where diets with pure C3, pure 
C4, mixed C-jC4 , high marine protein and a combination of high marine protein and C3 and 
C4 energy were identified via interpretation of bulk bone collagen 013C and 015N values. A 
range of terrestrial (2 )( steenbok, rock hyrax, buffalo and tortoise) and marine species 
(2 )( seal and whale) which are commonly identified at South African Holocene sites were 
also sampled in order to: (i) provide a range of amino acid &13C values for dietary sources 
available for human consumption, (ii) assess possible differences in bone collagen amino 
acid &13C values between humans and terrestrial and marine fauna, and (iii) investigate 
bone collagen amino acid 513C values in animals which exhibited highly enriched bone 
collagen 015N values attributable to the aridity of their habitats. 
6.2 Introduction 
6.2.1 Dietary reconstruction in mixed C~C4 regions 
Mixed C-jC4 terrestrial environments are largely confined to the Americas, tropical Asia 
and Africa. They are typically characterised by grasses (e.g. maize, millet, sorghum, etc.) 
or sugar cane which utilize the C4 (Hatch-Slack) photosynthetic pathway combined with 
fruit, nuts, vegetables, trees and shrubs which utilize the C3 (Calvin-Benson) 
photosynthetic pathway. C3 and C4 plants are easily distinguished via their carbon isotope 
values, which exhibit ranges of -20 %0 to -35%0 (mean 013C -26.5%0) and -9%0 to -16%0 
(mean 513C -12.5%0), respectively (O'Leary, 1981). The C4 isotope signal when identified 
in human bone collagen 513C values either originates from the: (i) direct consumption of C4 
grasses (or cereals), or (ii) indirect consumption via the flesh of animals who consumed C4 
grasses. Thus, in order to elucidate the nature of a pure or partial C4 signal in human bone 
collagen 013C values, it is imperative to perform contiguous bone collagen 013C 
determinations on faunal species from the archaeological contexts in which human 
samples were excavated. The stable isotope analysis of faunal species is particularly 
important in South Africa, because the presence of mixed feeder (e.g. impala and gazelle) 
flesh in human diets may produce a mixed C-jC4 isotope signal. Reported bone collagen 
013C values for pure grazers and browsers in Kenya typically range from -12.5%0 and -
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28%0, respectively, while values for mixed feeders should be intermediate, the exact value 
depending on the percentage of time an animal spends in each habitat (Tieszen et aI., 
1979). 
Intuitively, the interpretation of human bone collagen 013C values of mixed CJlC4 terrestrial 
regions is not straightforward. However, 013C analysis has been utilised extensively, 
particularly in establishing the period of introduction and intensification of maize cultivation 
into North America, (van der Merwe, 1978) Meso-America (Farnsworth et aI., 1985), 
South America (Burleigh, 1978) and South Africa (Lee-Thorp et aI., 1989). Bone collagen 
013C determinations have also been utilised to distinguish between grazing and browsing 
habits in animals in Kenya (Tieszen et aI., 1979; Ambrose and DeNiro, 1986b, a; Cerling 
and Harris, 1999; Cerling et aI., 1999). 
6.2.2 Palaeodietary reconstruction in South Africa 
The reconstruction of palaeodiet and subsistence strategies of Holocene hunter-gatherers 
in the southwest Cape Province of South Africa has been the subject of several isotope 
investigations (Sealy and van der Merwe, 1985; Sealy and van der Merwe, 1986; Sealy et 
aI., 1987; Sealy and van der Merwe, 1992; Sealy et aI., 1995; Sealy, 1997; Sealy and 
Pfeiffer, 2000) and the problem of the Seasonal Mobility Hypothesis has typically been 
central to such investigations (Parkington, 1972; Sealy and van der Merwe, 1985; Sealy 
and van der Merwe, 1986; Parkington, 1991; Sealy and van der Merwe, 1992). The 
premise of the Seasonal Mobility Hypothesis was that between 4000 and 2000 years ago 
Later Stone Age peoples seasonally migrated between coastal and interior sites to exploit 
various food types in their optimal seasons (Parkington, 1972, 1976, 1977; Parkington, 
1991). This model was largely derived from interpretations of faunal and palaeobotanical 
analysis. This transhumant cycle involved migration in the summer months to the 
mountain belt to exploit temporary quantities of animal and plant foods, including the 
tortoise and Iridaceae corm casings which were of optimal palatability during this season 
(Sealy and van der Merwe, 1986). Subsequently, hunter-gatherers migrated to the coast 
for the winter to exploit the vast quantities of shellfish (particularly the black mussel) and 
the Cape fur seal in their limited breeding season. Typically, shellfish, fish, crustaceans, 
seals and whales are identified in great numbers at coastal sites, while investigations of 
inland and mountain sites produce quantities of steenbok, springbok, buffalo, rock hyrax, 
tortoise and corms of the Iris plant. In order to verify this seasonal mobility hypothesis, 
bone collagen 013C values of human skeletons from both inland and coastal sites should 
be similar; because of the slow turnover rate of bone collagen, 013C values should 
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represent an average of both dietary types. However, the results of stable isotope analysis 
of human bone collagen have unambiguously indicated that humans excavated at inland 
sites consumed predominantly terrestrial protein diets (813C -17%0 to -19%0), while humans 
excavated at coastal sites consumed very high marine protein diets (813C -14%0 to -16%0) 
(see Figure 6.1; reproduced from (Sealy, 1989; van der Merwe, 1992)). From the results 
of stable isotope analysis it was proposed that individuals from coastal and inland sites did 
not represent a single population that seasonally migrated between the coast and interior, 
but, the possibility that inland peoples visited the coast was not discounted (Sealy and van 
der Merwe, 1986). 
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Figure 6.1. Modern terrestrial and marine food S13C values (above) and Holocene human bone 
collagen S13C values from the southwestern Cape Province in South Africa (4000 -2000 years ago) 
after Sealy (1989) and van der Merwe (1992). 
6.2.3 Limitations of bulk collagen isotope analysis in South Africa 
6.2.3.1 Carbon isotope analysis 
The Cape Province of South Africa represents an isotopically-complicated region because 
of its mixed C-jC4 terrestrial environment, and elucidation of bone collagen 813C values is 
further complicated by the availability of marine protein resources which are abundant on 
the Cape's coastline. Marine foods in the Cape region (shellfish, crayfish, fish, seal and 
seabird meat) exhibit a wide range in 813C values, from -12.3 to -19.4%0, with a mean 
value of -15.6 ± 1.6%0 (Sealy and van der Merwe, 1985). Bone collagen 813C values 
cannot be utilised in the estimation of marine food consumption in regions of South Africa 
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where C4 grasses are present because only a small isotopic difference is observed 
between marine foods (mean 013C -17%0) and C4 terrestrial (mean 013C -12.5%0) plants. 
The extent of C4 grass availability is variable throughout the Cape region thus bone 
collagen 013C analysis may be useful in some regions but not in others. It has been 
postulated that in the Cape region a C4 dietary signal only contributed to hunter-gatherer 
human bone collagen 013C values via the meat of grazers, since C4 grasses are not 
thought to have been consumed by humans (Sealy and van der Merwe, 1986). 
6.2.3.2 Nitrogen isotope analysis 
The utilisation of bone collagen 015N values as palaeodietary indicators is known to be 
problematic in extremely arid environments (Heaton et aI., 1986; Heaton, 1987; Sealy et 
aI., 1987). It has been shown that in particularly dry regions of South Africa « 400 mm of 
rain per annum) extremely enriched herbivore bone collagen 015N values are obtained, 
which occasionally overlap with the isotopic range observed for marine species (Heaton et 
aI., 1986; Heaton, 1987; Sealy et aI., 1987). In an attempt to gain an understanding of this 
enrichment Heaton (1987) assessed the 015N values of 140 indigenous terrestrial plants in 
South Africa and Namibia, which spanned climatically diverse regions from high-rainfall 
mountains to arid deserts. Although a correlation between aridity and enriched plant 015N 
values was observed (-0.39%o1100mm rain yea(1), this correlation was shown to be less 
pronounced than that observed between aridity and animal bone collagen 015N values (-
1.1 to -1.3%011 OOmm rain yea(1; see Figure 6.2) and it was concluded that the 15N_ 
enrichment observed in herbivore bone collagen 015N values resulted from metabolic 
processes within animals themselves (Heaton et aI., 1986; Heaton, 1987). A similar 
pattern was observed in the Cape region of South Africa, where the wide variation in 
animal bone collagen 015N values which were shown to correlate with rainfall, was not 
reproduced in plant 015N values (Sealy et aI., 1987). Thus, it has typically been suggested 
that enriched bone collagen 015N values exhibited in animals inhabiting arid regions result 
from their physiological adaptation to water-stress (Schoeninger and DeNiro, 1984; 
Ambrose and DeNiro, 1986a; Heaton at aI., 1986; Sealy et aI., 1987). However, the 
factors controlling this observed 15N-enrichment have not yet been elucidated, although 
there are three possible mechanisms which require consideration: (i) the inhibition of N2-
fixation and the increase in ammonia volatilisation (preferential volatilisation of 14NH3) 
found in arid soils result in 15N-enriched plants which is subsequently reflected in 
herbivore bone collagen 015N values (Heaton et aI., 1986; Heaton, 1987; Ambrose, 1991), 
(ii) the ability of drought-tolerant animals to conserve water by concentrating their urine 
with 15N-depleted urea is necessarily balanced with the retention of a 15N-enriched 
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nitrogen pool (Steele and Daniel, 1978), or (iii) isotopic fractionation associated with urea-
recycling in animals consuming poor quality protein diets in arid environments (Sealy et 
al., 1987). 
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Figure 6.2. Relationship between bone collagen o15N values of terrestrial herbivores and mean 
annual rainfall of the collection sites, from interior C4 area of South Africa and Namibia adapted 
from Heaton (1986). 
6.2.3.3 Implications for palaeodletary research In South Africa 
Accordingly, limitations are imposed on both bone collagen S13C and 015N analysis when 
applied to palaeodietary reconstruction of humans in specific regions of South Africa. A 
combination of these two problems was identified in a recent investigation of marine 
protein consumption in Later Stone Age hunter-gatherers inhabiting the southern and 
western Capes (Sealy, 1997). The southern Cape is a temperate well-watered area which 
receives 600 - 1200 mm rainfall per year. While sections of the region are covered with 
dense forest or thick scrub and bush, grass species include several C4 varieties (Vogel, 
1978; Sealy, 1997). Although there have been problems elUCidating the extent to which 
prehistoric vegetation types can be extrapolated from those found there today mainly due 
to land clearance for agriculture, the mean bone collagen 013C value for a" animals in the 
region for the last 11,000 years (-11 :i: 1.9%0) verifies the high abundance of C4 grasses 
present in the region during the Holocene period (Sealy, 1997). Herbivore bone collagen 
015N values are typically 15N-depleted (+5.0:i: 1.2%o), as characteristic of well-watered 
environments. However, because the southern Cape is characterised by a mixed C:JC4 
terrestrial environment, bone collagen 013C values were considered inappropriate in 
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establishing the extent of marine food consumption because of the overlap observed in 
human bone collagen 013C values of C4 and marine food consumers (Sealy, 1997). 
The western Cape is dominated by C3 terrestrial flora and although a minor region of C4 
grasses has also been identified, ultimately bone collagen 013C values can be successfully 
utilised to distinguish between C3 terrestrial and marine food consumption (Sealy, 1997). 
However, the nitrogen isotope ecology of the western cape is complicated in the area 
north of Saldanha Bay, which receives below the threshold 400 mm of rain per annum and 
terrestrial herbivore 015N values are in excess of 10%0, and commonly plot in the range 
observed for marine species. Bone collagen 015N determinations of 12 terrestrial animals 
in this region produced a highly enriched mean value of +13.6 ± 1.8%0 (Sealy, 1997) Thus, 
in this region of the Cape the utilisation of bone collagen 015N determinations in 
palaeodietary reconstruction has been shown to be unreliable. In summary, bone collagen 
015N analysis may be applied to the southern Cape and 013C analysis to the western 
Cape, however, it is difficult to accurately compare the palaeodietary habits of humans 
between the two regions when different dietary techniques are utilised. These problems 
constitute a major limitation in palaeodietary investigations in the Cape region because 
there is a wealth of evidence for major marine food exploitation in the Later Stone Age 
(Sealy and van der Merwe, 1985; Sealy and van der Merwe, 1986; Sealy, 1989; Sealy, 
1997) and bone collagen 013C and 015N values normally represent valuable marine dietary 
indicators. In order to circumvent these problems, the aim of this chapter was to 
investigate whether the assessment of individual bone collagen amino acid 013C values 
could provide a complementary marine dietary indicator. 
6.3 Sample information 
Human skeletons (n = 30) were selected for isotope analysis from the climatically diverse 
regions of the southern and western Capes where assessment of bone collagen 013C and 
015N values identified diets with pure C3, pure C4, mixed C-jC4, high marine protein and a 
mix of high marine protein and C3 and C4 energy characteristics. A range of terrestrial 
(2 x steenbok, rock hyrax, buffalo and tortoise) and marine species common (2 x seal and 
whale) to South African Holocene sites were also sampled for isotope analysis. Human 
skeletons were sampled from the southern (Plattenberg Bay, East of Wilderness, Matjes 
River, Drury's Cave, Whitchers Cave, van der Walt's Cave and Robberg Peninsula) and 
western (Melkbosch, Hout Bay, Gordons Bay, Ysterfontein, Bokbaai, Klipfonteinrand, 
Watervalsrivier, Eland Cave, Noordhoek, Cape Point and Kommetjie) Capes via 
interpretation of previously determined bulk collagen 013C and 015N values. The sites 
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sampled for individual bone collagen amino acid 813C analysis are illustrated on the map 
of the Cape region in Figure 6.3. All sites on both the southern and western Cape are 
located on the coast, with the exception of Klipfonteinrand and Watervalsrivier which are 
located inland in the mountain belt on the western Cape. 
Background information on all archaeological samples from the Cape region of South 
Africa is detailed in Appendix 7. All bone collagen samples for individual amino acid 813C 
analysis were obtained from Dr Judith Sealy of the University of Cape Town. Bulk bone 
collagen 813C and 815N determinations were performed on a Finnigan-MAT 252 mass 
spectrometer coupled to a Carlo-Erba NA 1500 elemental analyser in the Archaeometry 
Laboratory at the University of Cape Town, as described Sealy (1997). The standard 
deviation of repeated determinations of a homogenous material was 0.2%0 for both carbon 
and nitrogen. Preparation of human bone apatite samples was undertaken as described in 
Lee-Thorp et al. (1989) and 813C measurements were performed using a VG Micromass 
602E ratio mass spectrometer, with a precision better than 0.2%0 (Sealy, 1997). 
Figure 6.3. Map of the Cape region of South Africa locating archaeological sites sampled for 
isotope analysis. 
6.4 Preservation of bone collagen amino acids 
The preservation condition of human and faunal bone collagens from South Africa has 
previously been discussed in Section 4.8.3. All bone collagen amino acid distributions 
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were very similar to that exhibited in modern Type I collagen and the South African 
collagens were concluded to be in a superior preservation condition than those from the 
three other archaeological groups (A, C and D). Bone collagen C/N ratios which are 
catalogued in Appendix 7, were all within the specified range for well-preserved collagen 
(2.9 - 3.6). 
6.5 Isotope analysis of faunal bone 
Bone collagen 513C and 515N values and individual bone collagen amino acid 513C values 
of all faunal species are catalogued in Appendix 3. Each faunal species was sampled for 
stable isotope analysis in duplicate or more. 
6.5.1 Bone collagen isotope analysis 
Background and dietary information and bone collagen 513C and 515N values of faunal 
species from the Cape region are presented in Table 6.1 and the isotopic data are 
illustrated in Figure 6.4. 














































U Bone collagen 
(%0) 
-11.3±1.8 
-18.0 ± 0.1 
-18.2±1.0 
-19.1 ± 0.5 
-22.2 ± 0.1 
-21.0 ± 0.1 
-11.1±OA 
-12.6 ± 0.3 
~15N 
U Bone collagen 
(%0) 
+4.6 ± 1.0 
+11.3 ± 0.1 
+9.7 ± 2.5 
+17.7 ± 2.8 
+2.7 ± 0.3 
+9.6 ± 1.1 
+17.0 ± 2.8 
+13.1 ±0.6 
B = browser, C = crustacean and plankton consumer, DT = drought tolerant, G = grazer, 
MF = mixed feeder, 00 = obligate drinker, P = piscivorous. 
Faunal bone collagen 513C values ranged from -11.1 ± 0.4%0 for the seals to -22.2 ± 0.1%0 
for the C3-browsing tortoises, which highlights the considerable 513C value ranges of food 
sources available to humans in the Cape region of South Africa. Significantly, the C4-
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grazing buffalo 813C values (-11 .3 ± 1.8) exhibited almost complete overlap with the seals 
(-11 .1 ± 0.4%0), which demonstrates the difficulty in deciphering a C4 from a marine protein 
diet in human bone collagen 813C values. In addition , the ambiguous nature of bone 
collagen 813C values exhibited for sheep from the southern Cape (-18.2 ± 1.0) indicated 
the consumption of primarily C3 grasses with a minor contribution from C4 grasses, since 
reported bone collagen 813C values for pure C3 grazers typically plot between -21 .2%0 
(Privat et aI. , 2002) and -20.5%0 (Schoeninger and DeNiro, 1984). Faunal bone collagen 
815N values exhibited a similarly wide isotope range, from +4.6 ± 1.0%0 for low trophic level 
consuming buffalos to +17.0 ± 2.8%0 for seals and a highly enriched 815N value of 
+17.7 ± 2.8%0 for the rock hyraxes. These drought-tolerant rock hyraxes originated from 
the arid region of the southwestern Cape and the highly enriched values for this species is 
attributable to aridity (Sealy et aI., 1987; Ambrose, 1996). It is possible also that the 
tortoise bone collagen 815N values from the southern (+2.7 ± 0.3%0) and western Capes 
(+9.6 ± 1.1%0) are very different because the latter animals which exhibited enriched 815N 
values inhabited the arid western Cape. Thus, the challenges in interpreting bulk bone 
collagen 813C and 815N values in the Cape region are apparent in these faunal samples, 
and the failure to interpret the dietary habits of faunal species has consequences for 
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Figure 6.4. Bone collagen 813C and 815N values of faunal species from southern and western 
Capes of South Africa. 
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6.5.2 Bone collagen amino acid 013C analysis 
Bone collagen amino acid 813C values of all faunal samples from the Cape region are 
illustrated in Figure 6.5, and again, interpretations were inferred from 8 amino acids for 
which reliable 813C determinations were observed. Within the faunal assemblage (n = 17) 
a mean range of 17.6 ± 2.3%0 was observed between the 8 bone collagen amino acids, 
which results from the differing metabolic histories of bone collagen amino acids, as 
discussed in Section 5.7.2 (Macko et aI., 1987; Hare et aI., 1991 ; Fogel et aI., 1997; Uhle 
et aI., 1997; Johnson et aI., 1998). It is evident from Figure 6.5 that the most enriched and 
depleted 813C values were typically obtained for the C4-grazing buffalo and the C3-grazing 
tortoise, respectively. The widest range of 813C values was exhibited for the non-essential 
amino acid glycine (19.9 ± 6.9%0) and the narrowest range was observed for the non-
essential amino acid aspartate (7.4 ± 2.3%0), followed by the essential amino acid 
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Figure 6.5. Bone collagen amino acid 813C values of faunal samples from South Africa: buffalo 
(orange diamonds), tortoise (yellow diamonds) and seal (blue squares) from the southern Cape; 
steenbok (pink squares), sheep (green triangles) and hyrax (purple circles) from the western Cape 
and modern whale (blue triangles). Error bars represent the standard deviations between replicate 
animals. 
The narrow range exhibited in phenylalanine 813C values was observed in all 
archaeological bone collagens from groups A - 0, as discussed in Section 5.7.3; however, 
the small range observed in aspartate 813C values was unexpected given the considerable 
range exhibited in the Sedgeford human population (24.3 ± 5.0%o) who inhabited a region 
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with a narrower 813C isotope range than South Africa. The range identified in faunal bone 
collagen aspartate 813C values was also very narrow when compared to that observed for 
Cape region hunter-gatherer humans who inhabited the same environment (16.5 ± 6.8%o). 
Significantly, in an assessment of all samples from groups A - D, the range of 813C values 
exhibited for aspartate was actually shown to be much narrower for both terrestrial 
(14.7 ± 3.5%0; n = 25) and marine fauna (6.6 ± 2.1%0; n = 10), than humans (30.1 ± 5.8%0; 
n = 90). This finding is probably to some extent attributable to the more monotonous diets 
consumed by faunal species when compared to humans. However, it may also indicate 
that the origins of carbon in certain amino acids in faunal bone collagen differs from that 
observed in humans, and this may reflect differences between the faunal species and 
humans with respect to relative importance of assimilation and de novo synthesis of bone 
collagen non-essential amino acids. 
In order to further assess the carbon isotope dynamics of the faunal amino acids, bone 
collagen amino acid 813C values of the buffalo (a C4 consumer), sheep (a primarily C3 
consumer), and seals (marine organism) were compared (Figure 6.6 (a)). Predictably, the 
C3 sheep exhibited the most depleted 813C values in all of its bone collagen amino acids. 
However, the isotopic composition of the C4 buffalos and seals' individual amino acids 
was more complex. The buffalos and seals could not be distinguished with respect to bulk 
collagen &13C values (-10.0 and -10.8%0, respectively) because of the overlap of C4 
terrestrial and marine protein &13C values. However, the isotopic composition of the 
individual amino acids were much more revealing where, with the exception of glycine and 
to a lesser extent alanine, the seals exhibited bone collagen amino acid &13C values 
depleted relative to the C4 buffalos. Proline, hydroxyproline, glutamate and aspartate 
which comprise 14.7,13.0,9.7 and 4.7% of the carbon atoms in bone collagen were more 
depleted in the seals' bone collagen by 3.2, 2.1, 5.4 and 4.5%0, respectively. In the seals, 
glycine &13C values were enriched by 1.6%0 relative to the C4 buffalos and because glycine 
contributes 16.9% of the carbon atoms to bone collagen, this enrichment compensated for 
the depletion observed in the remaining amino acid &13C values and hence, similar buffalo 
and seal bone collagen &13C values were obtained. A similar pattern of enriched bone 
collagen glycine &13C values was also observed in the 2 whales (-5.3 and -6.7%o). The 
nature of this overlap in the bone collagen &13C values of C4-consuming animals and 
marine species has not previously been revealed at the molecular level. 
The mean bone collagen amino acid &13C values of the sheep, buffalos and seals were 
compared to a C3 casein, C4 casein and marine protein diet, respectively, utilised in a rat-
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feeding experiment (Jones, 2002); see Figure 6.6 (b)) to determine how accurately faunal 
bone collagen ()13C values could be utilised as proxies for dietary amino acid ()13C values 
for assessing human diet. The archaeological bone collagen ()13C values were shown to 
be almost a mirror image of their dietary counterparts (Le. buffalo vs. C4 diet, sheep vs. C3 
diet and seal vs marine diet). Again, the pattern of relatively enriched glycine and to a 
lesser extent alanine ()13C values and depleted proline, aspartate and glutamate ()13C 
values was also exhibited in the marine protein diet. The only divergence from the 
experimental diets was with respect to the C3 diet and C3-consuming sheep bone collagen 
amino acid 013C values because the latter were slightly enriched relative to the C3 diet due 
to the inclusion of a minor C4 grass component. This finding indicates that it may be 
possible to utilise faunal bone collagen amino acid 013C values as proxies for dietary 
amino acid values when assessing human diet, and this is in agreement with a previous 
report that muscle and bone collagen amino acids exhibit similar 013C values in pigs 
raised on monotonous diets (Hare et aI., 1991). 
Highly enriched glycine 013C values associated with marine sediments and organisms 
have been reported previously (Hare et aI., 1991; Fantle et aI., 1999; Keil and Fogel, 
2001). Most significantly, a glycine 013C value of approximately -2.0%0 for fossil whale 
bone collagen has also been observed (Hare et aI., 1991). Elsewhere, in a food web 
analysis of the blue crab, glYCine 13C-enrichments with increasing trophic level have been 
reported (Fantle et aI., 1999). It has also been observed in an investigation of North 
American sediments, that sediments that exhibited the highest concentrations of 
terrigenous materials obtained very depleted glycine 013C values and, conversely, those 
with the highest concentrations of marine-derived material exhibited the most enriched 
glycine ()13C values (Keil and Fogel, 2001). The authors hypothesised that this finding 
reflected the fact that plankton are amino-rich relative to terrigenous plants which are very 
carbohydrate-rich; thus, the enriched glycine 013C values observed in marine sediments 
reflected a higher degree of re-working of planktonic amino acids rather than a 
carbohydrate component (Keil and Fogel, 2001). 
In order to rationalize glycine 13C-enrichment observed in the marine mammals studied 
herein, glycine 013C values were compared with phenylalanine 013C values. Phenylalanine 
is an essential amino acid which has been shown to be directly incorporated from the diet 
into bone collagen with little associated fractionation. Thus, phenylalanine 013C values 
should accurately reflect the isotopic composition of terrestrial/marine plants at the base of 
the food chain. Conversely, dietary sources of the non-essential amino acid glycine may 
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not be enough to accommodate its enormous demand in the body (Salway, 1999), 
therefore glycine is thought to be largely biosynthesised de novo via glycolytic 
intermediates and thus glycine &13C values should largely reflect the isotopic composition 
of dietary carbohydrates. As marine ecosystems contain more trophic levels than 
terrestrial ones a larger scope for isotopic fractionation of bone collagen glycine may be 
present. Hence, higher ~ 13CGIYCine-Phenytalanine values were predicted for marine than 
terrestrial faunal species. Indeed, it is evident that the marine faunal species are 
distinguishable from terrestrial species with respect to their higher ~ 13CGIYCine.Phenytalanine 
values (Figure 6.7 (a)). Seals and whales yielded mean ~13CGlycine.Phenytalanine values of 
12.2 ± 1.3%0 and 12.9 ± 1.2%0, respectively, compared to a mean terrestrial species value 
of 3.2 ± 4.2%0, the highest of which, exhibited for buffalo (8.2 ± 1.3%0) was still 4.3%0 lower 
than values exhibited for marine species. Within the terrestrial species no pattern 
emerged in ~13CGIYCine-Phenyialanine values, possibly because all of the species analysed were 
herbivores of similar trophic level dietary habits, and also because ~ 13CGlycine_Phenyialanine 
values may not be diagnostic of trophic level. 
In order to assess whether a relationship exists between high bone collagen ~ 13CGlycine-
Phenylalanine values and marine protein consumption, ~ 13CGlycine-Phenytalanine values were 
correlated with bone collagen 015N values (Figure 6.7 (b)) because &15N values are 
typically used as marine dietary indicators. A fair correlation was observed between 
~ 13CGlycine-Phenytalanine and 015N values (R2 = 0.56; n = 17), although only after the values for 
the rock hyrax and tortoise originating from the arid western Cape were omitted. These 
two species exhibited very enriched bone collagen &15N values, which importantly, was 
not observed with respect to ~ 13CGlycine-Phenytalanine values. However, it is evident for all other 
species that more enriched bone collagen 015N values are associated with higher 
~ 13CGlycine-Phenytalanine values. 
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Figure 6.6. Amino acid 813C values of (a) C3-consuming sheep (green triangles). C4-consuming 
buffalo (orange diamonds) and seal bone collagen (blue squares) from South Africa. and (b) a C3 
casein (green triangles). C4 casein (orange diamonds) and marine protein diet (blue squares) 
utilised in a rat-feeding experiment (Jones, 2002). 
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In order to ascertain whether this pattern of high ll13CGIYCine_Phenyialanine values associated 
with marine species is repeated outside the Cape region, all terrestrial and marine faunal 
species from groups A - D were assessed, and the results are shown in Figure 6.8 (a) and 
(b). With this larger number of samples the distinction in ll13CGIYCine_Phenyialanine values 
between terrestrial (5.8 ± 4.3%0) and marine species (14.1 ± 2.1%0) increased to 8.3%0. 
The pattern is further verified by the very high ll13CGIYCine-Phenyialanine values obtained for the 
three British Columbian dogs (12.5 ± 0.6%0) which were known to have consumed a high 
marine protein (salmon) diet by virtue of their highly enriched bone collagen 815N values 
(+15.2 ± 0.8%0). In addition, assessment of Figure 6.8 (b) indicated that ll13CGlycine-
Phenylalanine values again correlate well with 815N values, where the marine species and 
British Columbian dogs are located at the top of the plot and the grazing tortoises from the 
temperate southern Cape of South Africa represent both the lowest ll'3CGlycine-Phenyialanine 
and 815N values. It was considered that if this pattern was reproducible in humans, 
ll'3CGlycine-Phenytalanine values may represent a potential substitute for bone collagen 8'5N 
values in distinguishing marine from terrestrial diets in humans in arid regions where 
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Figure 6.7. (a) 6,13CGIYcine.PhenYlalanine values, and (b) relationship between and 6,13CGIYCine.PhenYlalanine 
and bone collagen 1)15N values of faunal samples from South Africa : buffalo (orange diamonds), 
tortoise (yellow diamonds) and seal (blue squares) from the southern Cape; steenbok (pink 
squares), sheep (green triangles), tortoise (yellow squares) and hyrax (purple ci rcles) from the 
western Cape and modern whale (blue triangles), Ellipses highlight samples from extremely arid 
reg ions of the western Cape where 1)15N values are unrel iable. 
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Figure 6.S. (a) ~ 13CG~Cine_PhenYlalanine values, and (b) relationship between and ~ 13CGIYClne_PhenYlalanine 
and bone collagen 81 N values of all faunal samples from groups A - 0 : terrestrial fauna (green 
diamonds), marine fauna (blue triangles) and salmon-eating dogs from British Columbia (group 0 ; 
navy squares). Ellipses highlight samples from extremely arid regions of the western Cape of South 
Africa where 8'5N values are unreliable. 
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One further notable point from the assessment of ~ 13CGIYCine_Phenytalanine values is the 
negative values obtained for the four South African tortoises, which yielded a mean value 
of -1.6 ± 0.4%0. Of all of the human and terrestrial and marine faunal species investigated 
in this research (n = 120) these four samples exclusively yielded negative ~13CGIYCine_ 
Phenytalanine values. This finding results from relatively depleted glycine (-22.8 ± 0.8%0) rather 
than enriched phenylalanine (513C values, and represents Significantly more depleted bone 
collagen glycine (513C values than previously observed (Hare et aI., 1991; Fogel et aI., 
1997; Jones, 2002; Howland et aI., 2003). Figure 6.9 presents a comparison of bone 
collagen amino acid (513C values between the tortoises and pure C3-consuming deer from 
British Columbia (group D), where it can be seen that the considerable depletion in 
tortoise glycine (513C values by 6 - 7%0 is balanced by enrichment in the remaining amino 
acid (513C values, which results in almost identical bulk collagen (513C values observed for 
each species. These tortoises (Chersina Angu/ata) undoubtedly consumed C3 herbivorous 
diets similar to many of the other herbivores assessed, hence, it is unlikely that the 
negative ~ 13CGlycine-Phenyialanine values are indicative of dietary habits. Rather, this finding 
may indicate differences in physiology and protein metabolism in this species when 
compared to the remainder of the terrestrial species, which were primarily ruminant and 
non-ruminant herbivores. This may appear to be a minor point; nevertheless, it 
underscores the potential species-differences in protein and bone collagen metabolism, 
as was previously discussed in Chapter 4, when rat and archaeological human bone 
collagen amino acid (513C values were compared. Ultimately, prior to the widespread 
application of bone collagen amino acid (513C analysis to human palaeodietary 
reconstruction we must: (i) gain a clearer understanding of inter-specific protein 
metabolism differences which can only be enabled by broadening the range of species 
utilised in animal-feeding experiments, and (ii) perform bone collagen amino acid (513C 
determinations on both archaeological human and faunal species to enable accurate 
dietary interpretations. 
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Figure 6.9. Comparison of tortoise bone collagen amino acid 813C values from the southern (yellow 
diamonds) and western Capes (yellow squares) with C3-consuming deer from British Columbia (group 0 ; green triangles). 
6.6 Isotope analysis of human bone 
Bone collagen (513C and (515N values and apatite and individual bone collagen amino acid 
(513C values for all South African humans (n = 30) are catalogued in Appendix 3. Bone 
cholesterol &13C determinations could not be performed on South African humans 
because only collagen samples were available for analYSis. 
6.6.1 Bone collagen isotope analysis 
Bone collagen 813C and 815N determinations of human skeletons from the southern and 
western Capes of South Africa were performed during previous research into Holocene 
hunter-gatherer subsistence habits (Sealy and van der Merwe, 198~; Sealy and van der 
Merwe, 1986, 1992; Sealy, 1997). Skeletons from this large dataset were selected for the 
present research on the basis of interpretations of bulk bone collagen 813C and (515N 
values, where sample selection aimed to include a large range in carbon and nitrogen 
isotope values from both the southern and western Capes. Six groups were established 
via bulk collagen 813C and 815N value interpretations and these are listed in Table 6.2. The 
six groups consisted of high marine protein (HMP) and (C3) terrestrial consumers from 
both the western and southern Capes, primarily C4 consumers from the southern cape 
and inland terrestrial consumers from the western Cape. 
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Table 6.2. Dietary groups as constructed by Dr Judith Sealy via interpretation of bulk collagen 813C 
and 815N values. 
Category Location on n= S13CBone collagen a15NBone collagen Cape (%0) (%0) 
Marine (HMP) South 7 -11.3± 1.1 +17.1 ±0.7 
Terrestrial South 4 -16.5 ± 0.5 +9.0 ± 0.9 
High C4 South 4 -10.9 ± 3.7 +9.8 ±0.6 
Marine (HMP) West 7 -11.6±0.8 +16.4 ± 0.5 
Terrestrial West 5 -17.0 ± 0.9 +11.2 ± 1.0 
Inland terrestrial West 3 -18.8 ± 0.2 +12.2 ± 2.1 
It is evident from Figure 6.10 that there was a substantial amount of variety in the diets 
consumed by humans in the Cape region of South Africa, where coastal individuals 
exhibited either HMP (S13C -11.3 ± 1.1%0 and S15N +17.1 ± 0.7%0), primarily C3 terrestrial 
(S13C -16.5 ± 0.5%0 and S1sN +9.0 ± 0.9%0) or C4 terrestrial dietary signatures (S13C -
10.9 ± 3.7%0 and S1sN +9.8 ± 0.6%0), and the western Cape inland dwellers yielded the 
most depleted C3 dietary signatures (S13C -18.8 ± 0.2%0 and S1sN +12.2 ± 2.1%0). 
Analogous to that previously observed in faunal species, an overlap with respect to C4 (-
10.9 ± 3.7%0) and HMP consumers (-11.3± 1.1%0) was also manifested in human bone 
collagen S13C values, although S15N values enabled a clearer interpretation where marine 
consumers were enriched by approximately 7%0. However, on the western Cape where 
the extreme aridity rendered S15N values unreliable for interpreting marine diets, 
elucidation of the dietary habits of these individuals was more challenging. In addition, the 
mean human bone collagen S13C and S15N values for the HMP consumers in both regions 
of the Cape are almost identical and little can be inferred about the anticipated differences 
in the carbohydrate dietary components between the two groups, given the availability of 
C4 grasses in the southern Cape. 
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Figure 6.10. Bone collagen 013C and 015N values of humans from the southern (diamonds) and 
western Cape (squares), categorised in legend on the basis of bulk collagen 013C and 0 15N 
interpretations. 
6.6.2 Bone apatite 013C analysis 
Bone apatite 813C measurements were previously performed on 17 of the 30 humans 
included in the present analysis. to provide insights into whole diet 813C values. It can be 
seen from Figure 6.11 that HMP consumers from the southern Cape who exhibited bulk 
collagen 813C values which overlapped with C4 consumers, yielded more enriched apatite 
813C values (-8.3 ± 0.5%0 and -9.6 ± 1.6%0. respectively), indicating that the latter group 
may have derived some dietary contribution from C3 sources. Significantly. southern (-
8.3 ± 0.5%0) and western HMP consumers (-10.4 ± 0.9%0) were distinguishable with 
respect to bone apatite 813C values, which possibly indicated the contribution of C4 
grasses to the diets of the southern Cape group. Bone apatite 813C values were 
subsequently compared to collagen 813C values (via Equation 4.6) in order to probe the 
relationship between whole diet and protein 813C values in the different groups (Figure 
6.12 (a». The most noteworthy observation was that all ~13CBone apatite-Collagen values for 
South African humans (3.1 ± 1.2%0) were lower than those exhibited in humans from 
Saxon Sedgeford (6.6 ± 1.2%0; see Section 5.6.2). In Chapter 5 it was suggested that 
~ 13CBone apatite-Collagen values may be higher in humans when compared to rats from which 
the model derived (Jones, 2002), possibly due to the differing protein metabolisms of the 
two species. However, significant patterns still emerged from the assessment of the Cape 
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region human f'..13CBone apatite-Collagen values, which were shown to distinguish between HMP 
consumers in the southern (3.4 ± 0 .6%0) and western Capes (1.4 ± 0.2%0) , in a pattern that 
has been observed previously in a much larger sampleset from the Cape region (Sealy, 
1997). The most likely explanation for the higher f'..13CBone apatite-Collagen values exhibited in 
the southern Cape HMP consumers is a dietary contribution from enriched energy rather 
than depleted protein 613C values. This enriched energy component is likely to have 
derived from the human consumption of C4 grasses and possibly C4 meat lipids, which 
probably represented all the carbohydrate carbons in the diet because marine mammals 
and fish are very low-carbohydrate foods. This finding does not corroborate with the 
theory that C4 contributions to human diet in the Cape region derived exclusively from C4 
meat rather than grasses (Sealy, 1997). The terrestrial (C3) and C4 consumers produced 
similar f'..13CBone apatite-Collagen values, indicating a similar relationship between whole diet and 


































Figure 6.11. Bone apatite 013C values of human samples from the southern (diamonds) and 
western Capes (squares). 
In order to gain further insights into the relationship between whole diet, and dietary 
protein and energy 613C values, the quantitative predictive models (Equations 4.11, 4.16 
and 4.18, respectively; as applied to the Sedgeford population in Section 5.6.2) were 
applied to the Cape region humans. With the exception of one individual, all terrestrial 
consumers in both regions of the Cape exhibited almost identical dietary component 813C 
values. The C4 consumers exhibited slightly enriched protein relative to energy and whole 
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diet 813C values, possibly due to the inclusion of some C3 grasses in their diets because 
C3 grasses were widely available in both the southern and western Capes. The HMP 
consumers in the southern (-17.0 ± 0.8%0) and western Capes (-15.7 ± 0.9%0) yielded 
predicted protein 813C values within the expected range for the meat of marine mammals 
in the Cape region. In a previous investigation of the flesh 813C values of 22 marine 
mammal species from the Cape, a mean value of -15.6 ± 1.6%0 was exhibited, within a 
range of -19.4 and -12.3%0 (Sealy and van der Merwe, 1986). Significantly, the southern 
and western HMP consumers were readily distinguishable with respect to predicted whole 
diet and energy 813C values, which were shown to be more enriched in the southern 
group, by approximately 1.9 and 3.3%0, respectively. Hence, since predicted protein 813C 
values were very similar, the differences in !l.13CBone apatlte-Collagen values between the two 
HMP consumer groups must result from relatively enriched energy, possibly C4 
grasses/meat, rather than depleted protein 813C values of humans from the southern 
Cape. Thus, the complementary 813C determinations of bone apatite in conjunction with 
bulk bone collagen 813C and 815N values, represents a more sensitive palaeodietary tool, 
particularly for gaining insights into dietary component 813C dynamics. 
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Figure 6.12. (a) .113Csone apatite-Collagen values, and (b) predicted whole diet (via Equation 4.11), 
dietary protein (via Equation 4.16) and dietary energy 813C values (via Equation 4.18) for HMP 
(blue symbols), terrestrial (green symbols) and C4 consumers (orange symbols) from the southern 
and western Capes of South Africa . 
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6.6.3 Bone collagen amino acid B13C analysis 
Bone collagen amino acid 813C values of all humans from the Cape region of South Africa 
are illustrated in Figure 6.13; again, dietary interpretations were inferred from 8 amino 
acids for which reliable 813C values were yielded. Within the human bone collagens 
(n = 30) a relatively narrow range of 813C values (14.7 ± 2.9%0) was observed between the 
8 amino acids. The presence of C4 grasses on the southern Cape is evident from Figure 
6.13, where human bone collagen amino acid 813C values (diamonds) were typically more 









'" ,~ -1 5 1 
~ 


















Hyp Asp Glu Leu* Phe* 
Figure 6.13. Bone collagen amino acid 813C values of humans from southern (diamonds) and 
western Capes (squares): HMP (blue symbols), terrestrial (green symbols), C4 (orange symbols) 
and inland terrestrial (dark green symbols) consumers. 
With the aim of examining the accuracy of the human dietary groups which were 
constructed via interpretation of bulk bone collagen 813C and 815N values, bone collagen 
amino acid 813C values of a terrestrial (C3) consumer (UCT1093) were plotted with a C3-
grazing sheep, a C4 consumer (UCTS217) was plotted with a C4-grazing buffalo and a 
HMP consumer (UCT1747A) was plotted with a seal (Figure 6.14 (a), (b) and (c), 
respectively). For each of the three groups, the amino acid 813C values of the humans 
mirrored that of the corresponding animal, which is remarkable given the expected 
metabolic differences between humans, ruminants and marine mammals. Bone collagen 
amino acid 813C values for the seal and the HMP consumer were particularly similar, with 
the exception of aspartate values. For all three comparisons the essential amino acids 
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(leucine and phenylalanine) were practically identical between the humans and animals, 
which emphasises the very limited isotopic fractionation associated with their 
incorporation into bone collagen. Indeed, those amino acids that are essential to humans 
are also essential to herbivores, from whom humans typically obtain a considerable 
portion of their protein (Schwarcz, 2000). 
In order to investigate isotope trends between the humans, the bone collagen amino acid 
&13C values of three human individuals were compared (Figure 6.15 (a». They were 
defined as: (i) a predominantly C3 consumer (UCT1093; &13C -19.0%0, &15N +9.9%0), (ii) a 
predominantly C4 consumer (UCT5217; &13C 11.6%0, &15N +10.7%0), and (iii) a HMP 
consumer (UCT1747A; &13C -12.3%0, &15N +17.3%0) via interpretation of bulk bone 
collagen &13C and &15N values. Predictably, the C3 consumer exhibited the most depleted 
&13C values in all of its bone collagen amino acids. However, the isotopic composition of 
the C4 and HMP consumers' bone collagen amino acids were more instructive. The C4 
(&13C -11.6%0) and HMP consumer (&13C -12.3%0) could not be distinguished with respect 
to bulk collagen &13C values. However, the isotopic composition of the individual amino 
acids were much more insightful where, with the exception of glycine, the HMP consumer 
exhibited amino acid &13C values depleted relative to the C4 consumer. Proline, 
hydroxyproline and glutamate which comprise 14.7, 13.0 and 9.7% of the carbon atoms in 
bone collagen were more depleted in the HMP consumer's bone collagen by 5.9,6.9 and 
4.7%0, respectively (Figure 6.15 (b». In the HMP consumer, the &13C for glycine was 
enriched by 6.2%0 relative to the C4 terrestrial consumer, and because glycine contributes 
16.9% of carbon atoms to bone collagen, this enrichment compensated for the depletion 
observed in the remaining amino acids and thus similar C4 terrestrial and HMP consumer 
bulk collagen &13C values were observed. The nature of this overlap in human C4 and 
HMP consumer bone collagen &13C values has not been revealed at the amino acid level 
previously. This pattem of highly enriched bone collagen glycine &13C values mirrors that 
observed in the marine species, however, the extent of glycine enrichment is higher in the 
human HMP consumers. The pattem observed for these 3 individuals was similar in all 
South African individuals classified as C3 (n = 10), C4 (n = 3) and HMP consumers 
(n = 14). 
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Figure 6.14. Comparison of human and animal bone collagen amino acid 813C values: (a) inland 
terrestrial C3 consumer (UCT1093) and C3-grazing sheep, (b) C4 consumer (UCT5217) and C4-
grazing buffalo, and (c) HMP consumer (UCT1747A) and seal. 
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In order to investigate the nature of the enrichment in bone collagen glycine 813C values in 
HMP consumers, ~13CGlycine-Phenytalanine values were assessed (Figure 16.6 (a)). In both the 
southern and western Capes the HMP consumers exhibited distinctively high ~ 13CGIYCine_ 
Phenytalanine values (11.9 ± 1.6%0 and 12.5 ± 2.2%0, respectively) compared to those 
observed for the terrestrial (4.5 ± 2.6%0 and 6.0 ± 1.5%0, respectively), C4 (4.0 ± 4.4%0) and 
inland terrestrial consumers (4.5 ± 0.4%0). Hence, the pattern exhibited in human bone 
collagen ~ 13CGlycine-Phenytalanine values mirrors that observed in the faunal species. In 
addition, if ~ 13CGlycine-Phenytalanine values provide an indication of the trophic level of an 
individual, the similarity of values exhibited between the four human terrestrial consumer 
groups may indicate that a similar amount of meat consumption was present in each 
group. Subsequently, linear correlation analysis was performed between ~ 13CGlycine_ 
Phenytalanine and bone collagen &15N values, because the latter are typically seen to be 
indicative of marine dietary consumption and trophic level. A very Significant correlation 
was shown (R2 = 0.81; n = 30) and a very clear separation is evident between HMP (blue 
symbols) and all terrestrial consumers (green symbols) on both the western and southern 
Capes (Figure 6.16 (b). The correlation demonstrated in these human samples is stronger 
than that exhibited for the faunal species, where values fitted less well to the line, partly 
because of the unreliable bone collagen &15N values obtained for the drought tolerant 
hyraxes and the tortoises from the arid western Cape. 
It is still difficult to ascertain whether the extremely high ~ 13CGlycine-Phenytalanine values are 
exclusive to HMP consumers or whether they reflect trophic level positioning. Within the 
four terrestrial consumer groups little pattern in ~ 13CGlycine-Phenytalanine or &15N values was 
exhibited. However, one of the individuals classed as a western HMP consumer (UCT437; 
&13C -15.9%0 and &15N +16.4%0) was excavated at a pastoralist site (Kasteelberg) and 
there was uncertainty about whether the enriched bulk collagen &15N value resulted from a 
high meat or marine protein diet (Sealy, pers. comm.). Significantly, this individual 
exhibited a considerably lower ~ 13CGlycine-Phenytalanine value (9.1 %0) than exhibited for the 
remaining HMP consumers (12.2 ± 1.8%0), which may provide evidence that bone 
collagen &15N values represent useful trophic level indicators, while ~ 13CGIYCine-Phenytalanlne 
values represent marine dietary indicators. 
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Figure 6.15. (a) Bulk bone collagen and collagen amino acid 813C values of an inland terrestrial C3 
(UCT1093; green triangles). C4 (UCT5217; orange diamonds) and HMP consumer (UCT1747A; 
blue squares). and (b) l:! 13Camino acid-amino acid values for C3-C4 consumer (UCT1093-UCT5217; green 
bars). C3-HMP consumer (UCT1747A-UCT1747A; orange bars) and C4-HMP consumer 
(UCTS217-UCT1747A; blue bars). 
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In order to establish whether the differing trophic levels representative of humans and 
animals could be elucidated from Ll13CGlYCine-Phenyialanine and collagen 815N values, human 
samples from South Africa were plotted with the faunal species which provided reliable 
bone collagen 815N values (Figure 6.17 (a». The relationship between high Ll13CGIYCine. 
Phenylalanine and 815N values and high marine protein consumption was again verified, as 
human HMP consumers and marine faunal samples can be seen at the top of the 
scatterplot while human and terrestrial faunal consumers plotted at the base. With the 
exception of one seal sample, all HMP consumers exhibited higher bone collagen 815N 
values than marine faunal samples, indicating the utility of 015N values as trophic level 
indicators. However, no pattern was observed in /).13CGlycine-Phenyialanine values, where human 
HMP consumers and marine species formed a tight but mixed group. Hence, it is likely 
that /). 13CGlycine-Phenyialanine values are diagnostic of marine protein consumption and not 
trophic level positions. 
To establish whether the relationship between Ll13CGlycine-Phenyialanine values and high marine 
protein consumption was reproducible in a different environment and climate to the Cape 
region, bone collagen amino acid 813C determinations were performed on a 550 year old 
Iceman (Kwaday Dan Sinchi) discovered in 1999 in a glacier in the Tashenshini-Alsek 
National Park, British Columbia. The combined discovery of fish remains in his leather 
pouch and interpretations of bulk collagen 013C and 81SN values (013C -13.8%0 and 
015N +17.9%0) provided much evidence that the Iceman consumed an almost 100% 
marine protein (probably salmon) diet. Significantly, the Iceman exhibited a very high 
Ll13CGlycine-Phenyialanine value (15.6%0) and both Ll13CGlycine-Phenytalanine and 015N values plotted 
with the South African HMP consumers and marine faunal species (red diamond; Figure 
6.17 (a». The Iceman's bone collagen amino acid 813C values were subsequently 
compared with HMP consumers from the southern and western Capes to reveal any 
differences resulting from C4 terrestrial food availability in South Africa (Figure 6.17 (b». 
The HMP consumers' and Iceman's bone collagen glycine 813C values were very similar, 
however, it can be seen that in the Iceman the remaining amino acid 813C values were 
typically more depleted. It is evident that the western Cape dwellers also exhibited more 
depleted bone collagen amino acid 813C values (with the exception of glycine), clearly 
resulting from the partial C4 dietary contribution in the southern Cape individuals. The 
finding of high /).13CGIycine-Phenyialanine values for the British Columbian Iceman verifies that 
this novel marine dietary indicator has considerable potential, is independent of climate 
and may be a valuable substitute for bone collagen 815N values in: (i) arid regions where 
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(5 15N values are unreliable, and (ii) bones where collagen preservation is insufficient for 
bulk isotope determinations. 
Enriched tissue glycine (513C values have been reported previously (Abelson and Hoering, 
1961; Hare and Estep, 1983; Fogel et aI., 1997) and result in the relative enrichment in 
bulk collagen (513C values because glycine contributes one-third of the total amino acid 
residues to collagen. The a-carboxyl carbon in amino acids is substantially enriched in 13C 
relative to the other carbons by up to 10 - 20%0; this also accounts for the enrichment of 
two carbon-containing glycine relative to other amino acids (Abelson and Hoering, 1961; 
Keil and Fogel, 2001). In addition, it has been shown that there exists a partial barrier to 
the incorporation of fatty acid-derived carbon into certain bone collagen amino acids, one 
of which is glycine (Schwarcz, 2000). Glucose cannot be synthesised from fatty acids, as 
the two carbon fatty acids deriving from fatty acid metabolism cannot be utilised in the 
glucogenic cycle. Hence, carbon atoms derived from fatty acids cannot enter the pathway 
which produces glycine. Thus, the barrier on carbons atoms from depleted fatty acids may 
be attributable to the typically enriched (513C values obtained for glycine relative to other 
amino acids. 
The distinguishably high 1113CGlyclne-Phenyialanine values identified in HMP consumers and 
marine species needs to be explained. As glycine is a non-essential amino acid bone 
collagen glycine may derive from either: (i) de novo synthesis, or (ii) its direct 
incorporation from dietary sources. Glycine can be synthesised via two major pathways, 
firstly from serine in a reversal of serine synthesis and secondly, from CO2, NH/, and 
N5NlO-methylene tetrahydrofolate (THF) in a glycine synthase-catalysed reaction. 
However, the majority of the body's supply of neosynthesised glycine derives from serine 
and most of the carbons in serine derive from 3-phosphoglycerate, which as a glycolytic 
intermediate derives from glucose. Thus, it follows that the isotopic composition of glycine 
should reflect that of the dietary carbohydrates. If the majority of glycine in bone collagen 
derives from de novo synthesis its (513C values should largely reflect that of the 
carbohydrate component of the diet. As fish contains negligible carbohydrates, with the 
exception of a minor glycogen component, glycine if biosynthesised de novo, should 
reflect the isotopic composition of terrestrial plant foods. Thus, in the HMP consumers of 
the southern Cape of South Africa the highly enriched glycine (513C values could be 
explained by the availability of C4 terrestrial grasses, however, this explanation cannot 
satisfy the situation on the western Cape or certainly, the British Columbian Iceman. 
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Hence, the o rig ins of the majority of glycine in the bone collagen of these ind iv iduals may 
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Figure 6.16. Bone collagen ~13CGIYCine_PhenYlalanine values (a) and (b) relationship between ~13CGIYCine_ 
Phenylalanine and bone collagen 815N values in human samples from the southern (d iamonds) and 
western Capes (squares): HMP (blue symbols), terrestrial (green symbols), C4 (orange symbols) 
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Figure 6.17. (a) Relationship between bone collagen ~13CGIYClne_PhenYlalanine and 8'5N values in all 
HMP (navy diamonds) and all terrestrial human consumers (green diamonds) and marine (blue 
diamonds) and terrestrial fauna (dark green diamonds) from South Africa and British Columbian 
Iceman (red diamond). and (b) bone collagen amino acid 813C values for HMP consumers from the 
southern (blue diamonds) and western Capes (navy diamonds) and British Columbian Iceman (red 
diamonds). 
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Although non-essential amino acids can be synthesised by the body, they need not be. 
On high-protein diets the incorporation of non-essential amino acids is more biologically 
plausible in terms of energy efficiency than is de novo synthesis. Indeed, glycine (and 
proline and hydroxyproline) requires four enzymes for neosynthesis. Non-essential amino 
acids can enter the bloodstream directly from the liver and subsequently be transported to 
cell-sites for protein synthesis. The comparison of /113CAmino acid-Amino acid values in a rat 
feeding-experiment demonstrated that an increase in dietary protein (from 20 to 70%) 
resulted in a corresponding increase in the incorporation of dietary non-essential amino 
acids into bone collagen (Jones, 2002). Unfortunately, due to the considerable errors 
associated with glycine 813C determinations for the 70% protein diets and animals in this 
investigation no conclusions could be drawn about glycine specifically. However, the 
direct incorporation of dietary glycine into bone collagen has been previously reported 
from a pig-feeding experiment, where minor /113CColiagen_Diet amino acid values (1.4 and 0.9%0, 
for a C3 and C4 diet, respectively) were interpreted as resulting from limited fractionation 
associated with its assimilation into collagen (Hare et aI., 1991). High protein diets are 
also associated with inhibition of amino acid synthesis. There are two well-established 
methods of inhibition of amino acid synthesis associated with high protein diets 
(Schwarcz, 2000). Firstly, the enzyme that controls the committed step of amino acid 
synthesis is inhibited by the presence of substantial intracellular concentrations of the 
amino acid (Umbarger, 1978). The second form of inhibition may occur whereby the 
product amino acid inhibits the synthesis of the enzyme utilised in the committed step of 
amino acid synthesis (Schwarcz, 2000). 
In addition to the fact that these high marine protein consumers obtained a diet which has 
been interpreted as containing at least 70% marine sources (Sealy and van der Merwe, 
1986), the protein of marine species contains more glycine than any other foods. Figure 
6.18 shows the amino acid distribution of terrestrial casein (a) and marine (tuna) protein 
diets (b) utilised in a rat-feeding experiment (Jones, 2002) and visibly illustrates the higher 
glycine content in the marine diet. Glycine contributes a higher number of residues per 
thousand to fish (77) than casein (18), beef (51), pork (47), been (42), seed (58) or maize 
(38; Young, 2002). Thus, approximately twice the amount of glycine present in plants is 
obtainable from fish and if the protein bioavailability difference between fish (high) and 
plant protein (lower) is considered, the available glycine in fish compared to plants is 
increased. There are extraordinary demands for glycine in the synthesis of structural 
proteins such as collagen and elastin, and to a lesser degree in the formation of 
nucleotides, haem and glutathione (Jackson et aI., 2002). Hence, in normal 
(approximately 20%) protein consumers de novo synthesis is likely to represent a major 
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pathway for glycine destined for bone collagen, however, in very high protein consumers, 
the majority of this supply may be met by the diet. There is now evidence that glycine, as 
a conditionally essential amino acid, is essential during pregnancy and infancy to supply 
the demands of both growth and maintenance (Jackson et aI., 1981; Jackson et aI., 1986; 
Jackson et aI., 2002), however, in adulthood when protein turnover has slowed 
dramatically the demands for total nitrogen and glycine should decrease. 
The most overwhelming evidence for the direct incorporation of dietary glycine in 
individuals who consumed very HMP diets is the isotope data itself. It was previously 
shown that the t1.13CGI~ne-Phenytalanine values of the HMP consumers mirrored that of the 
marine faunal species. However, it is also evident that the actual glycine and 
phenylalanine .s13C values differ little between the human HMP consumer (-4.5 ± 1.6%0 
and -16.9 ± 1.6, respectively) and marine faunal bone collagens (-4.8 ± 1.5%0 and -
18.9 ± 2.1, respectively; Figure 6.19 (a». This virtual overlap of human and faunal values 
provides substantial support for the direct incorporation of dietary glycine on very high 
protein diets. Although Cape region humans may not have actually consumed the bone 
but skin and flesh, there appears to be little difference in the isotopic composition of flesh 
protein and collagen. In a rat-feeding experiment a significant correlation between bone 
collagen and flesh .s13C values (R2 = 0.96) was reported with an observed enrichment in 
bone collagen values (t1.13CBone co/iagen-Fiesh value = 3.6%0; Ambrose 1995). The only 
available data on the differences in bone and flesh amino acid .s13C values originates from 
the ()13C determinations of skin collagen from the British Columbian Iceman in the present 
research (Figure 6.19 (b». Skin collagen was observed to track ()13C values for bone 
collagen, providing evidence that the origins of carbon in both collagen types are identical. 
With the exception of hydroxyproline all skin collagen amino acids were less enriched than 
those of bone collagen by an average 2.4 ± 1.6%0; which is consistent with the findings of 
Ambrose (1995). Glycine and phenylalanine were depleted in skin collagen by 4.5 and 
1.6%0, respectively. If the glycine and phenylalanine .s13C values obtained for the faunal 
marine bone collagen samples were corrected by -4.5 and -1.6%0, respectively, to 
estimate flesh protein values, this would indicate a slight enrichment in human bone 
collagen .s13C glycine values. Minor enrichments in 13C associated with the incorporation 
of dietary essential amino acids has been previously reported (Jones, 2002; O'Brien et aI., 
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Figure 6.18. Relative abundances of amino acids in (a) terrestrial (pure C3 (blue bars), C3 
protein/C4 energy (green bars), C4 protein/C3 energy (pink bars) and pure C4 (yellow bars)), and (b) 
marine protein diets (marine protein/C3 energy (blue bars), marine protein/C3&C4 energy (pink 
bars) and marine protein/C3 energy (yellow bars» utilised in a rat feeding experiment, reproduced 
from Jones (2002). 
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Figure 6.19. (a) Bone collagen glycine and phenylalanine (513C values of HMP consumers from 
South Africa and all marine species from Group A-D. and (b) bone and skin collagen amino acid 
1)13C values from the British Columbian Iceman. 
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Finally, the comparison of bone collagen and apatite 013C values ( 13CBone COllagen-APatIte) 
indicated that despite the enormous reliance on marine protein dietary sources, the HMP 
consumers from the southern Cape exhibited a contribution from C4 dietary sources. In 
order to determine whether bone collagen amino acid 013C values could be used to reveal 
the nature of this C4 input, the mean values exhibited by the HMP consumers from the 
southern and western Capes were compared via ~ 13CSouth-Westamino add values (Figure 6.20). 
The presence of a C4 dietary signal in the southern Cape individuals was evident in 
several of the bone collagen amino acids, particularly alanine, glutamate, hydroxyproline 
and leucine, however, glycine, phenylalanine and aspartate exhibited the opposite pattern. 
This may indicate that alanine and glutamate provide a better indication of the isotopic 
composition of the whole diet in the HMP consumers, unlike some of the other amino 
acids which may reflect a combination of both direct incorporation and de novo synthesis. 
The enrichment in leucine 813C values cannot be explained because, as an essential 
amino acid, much of the bodily supply of leucine would be expected to orig inate from the 
enormous marine protein content of the diet, in which case both the southern and western 
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Figure 6.20. Mean differences in bone collagen amino acid 013C values between the southern and 
western Cape HMP consumers. 
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6.7 Summary 
This chapter has presented an evaluation of a multi-proxy stable isotope approach to 
palaeodietary reconstruction of humans who inhabited the isotopically-complex mixed 
C?JC4 coastal region, namely, the Cape region of South Africa. The utilisation of bone 
collagen amino acid 813C values as palaeodietary indicators was shown to have promise 
in C3 coastal regions (see Chapter 4). However, it was concluded that the large errors 
associated with 813C determinations hindered palaeodietary interpretations to a certain 
extent. This evaluation of a mixed C?JC4 terrestrial environment focused on the Cape 
region of South Africa because of both its archaeological importance as a region of 
immense Later Stone Age hunter-gatherer activity and its associated isotope challenges. 
The principal aims of this chapter were to: (i) identify a substitute marine dietary indicator 
for bone collagen 815N values, and (ii) determine whether C4 and marine diets were 
distinguishable in human bone collagen amino acid 813C values. For this purpose, human 
skeletons (n = 30) from the climatically diverse regions of the southern and western Capes 
represented ideal samples because of the availability of C4 grasses in the southern cape 
and the extreme aridity of areas of the western Cape. A range of terrestrial and marine 
species common to South African Holocene sites were also subjected to bone collagen 
813C analysis to provide a range of 813C values for dietary amino acids and to investigate 
bone collagen amino acid 813C values in animals with enriched bone collagen 815N values 
attributable to aridity. 
Faunal sample bone collagens exhibited a mean range of 17.6 ± 2.3%0 in bone collagen 
amino acid 813C values and it was observed that a very narrow range occurred for the 
essential amino acid phenylalanine. In the comparison of a seal and C4-grazing buffalo 
which exhibited almost identical bulk collagen 813C values (-10.0 and -10.8%0, 
respectively), it was shown that the two could be readily distinguished via assessment of 
their bone collagen amino acid 813C values, where, with the exception of glycine the seal 
exhibited amino acid 813C values depleted relative to the buffalo. This enrichment in bone 
collagen glYCine 813C values was also observed in the other marine faunal samples. This 
is the first time the nature of the overlap in C4 and marine protein consumer bone collagen 
813C values has been revealed at the amino acid level. Highly enriched glycine 813C 
values associated with marine sediments and organisms have been previously reported 
(Hare et aI., 1991; Fantle et aI., 1999; Keil and Fogel, 2001) although the mechanisms 
behind the enrichment are little understood. 
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The utilisation of bone collagen glycine 013C and phenylalanine (a 13CGlycine-Phenytalanine) 
values were subsequently shown to clearly differentiate between marine (12.5 ± 0.9%0) 
and terrestrial faunal species (3.2 ± 4.2%0) by approximately 9.3%0. To verify that this 
finding was more than a coincidence a13CGlycine-Phenytalanine values were correlated with 015N 
values because the latter are typically utilised as marine dietary indicators. A high degree 
of correlation was observed which was further confirmed by the lack of a relationship 
exhibited by the western Cape rock hyraxes and tortoises who exhibited highly enriched 
015N values attributable to the extreme aridity of the environments from which they 
originated. This positive relationship observed between ~13CGlycine-Phenyialanine and 015N 
values was then shown to be reproducible with respect to the terrestrial and marine faunal 
species from groups A-D. The investigation of human skeletons from the Cape region 
demonstrated that the relationship between ~13CGlycine-Phenyialanine and 015N values was 
reproducible in humans. Thus, a human C4 and HMP consumer with indistinguishable bulk 
collagen 013C values were shown to be distinguishable in the HMP consumer's 
enrichment in glycine and depletion in all other amino acid 013C values. However, in 
humans the strength of correlation between ~13CGlycine-Phenyialanine and 015N values was 
greater (R2 = 0.81) than exhibited by the faunal species (R2 = 0.54). Although the HMP 
consumers exhibited characteristically high ~ 13CGlycine-Phenyialanlne and 015N values no pattern 
emerged within the terrestrial groups, suggesting that either: (i) ~ 13CGlycine-Phenytalanine values 
are not indicative of trophic level positioning, or (ii) little trophic level differentiation existed 
between the terrestrial consumers, who obtained much of their nutrition from terrestrial 
meat sources. 
The high ~13CGlycine-Phenyialanine values exhibited in HMP consumers were seen to reflect 
very enriched glycine rather than depleted phenylalanine 013C values. It was concluded 
that glycine appears to be directly incorporated from the diet into bone collagen in HMP 
consumers. If synthesised de novo glycine should reflect the isotopic composition of 
dietary carbohydrates which are negligible in marine flesh; thus enriched glycine 013C 
values would not be obtained from HMP consumers who inhabited C3 regions. The finding 
that a British Columbian Iceman exhibited both indistinguishable bone collagen amino 
acid 013C values and a 13CGIyclne-Phenytalanine values from the South African HMP consumers 
discounted de novo synthesis as the major pathway to bone collagen glycine in these 
individuals. Since glycine is present in higher abundance in marine flesh than any other 
food source, its direct incorporation into bone collagen in HMP consumer adults is 
unsurprising. Finally, it was also shown that the diets of HMP consumers in the southern 
and western Capes were also distinguishable via bone collagen amino acid 013C values, 
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by virtue of the relative enrichment of several amino acid 813C values in the southern 
Cape which represented a mixed C.jC4 region. 
The demonstration that bone collagen amino acid 013C values, specifically ~ 13CGIYCine. 
Phenylalanine values, may be utilised as a substitute for bone collagen 815N values in arid 
regions is novel. It was previously shown that bone collagen amino acid c513C values may 
be utilised as palaeodietary indicators where insufficient bone collagen is preserved for 
bulk collagen isotope determinations (see Section 48.3). The utility of individual amino 
acid 013C values in predicting bulk bone collagen c513C values was shown, and the 
combination of predicted bulk collagen 013C values and the utility of ~ 13CGlycine-Phenyialanine 
values as marine dietary indicators, illustrates the wealth of information that can be 
revealed via bone collagen amino acid c513C determinations. Thus, ~ 13CGlycine-Phenyialanine 
values may represent a formidable substitute for c515N values in: (i) arid regions where 
bone collagen c515N values are unreliable, and (ii) bones where collagen preservation is 
insufficient for bulk 015N determinations. The future application of bone cholesterol in 
combination with apatite 013C values in identifying temporal dietary changes in South 
Africa's Later Stone Age period will only add to the utility of the multi-proxy stable isotope 
approach in inferring diet from hunter-gatherer subsistence. In addition, because of the 
wide isotopic difference exhibited in ~ 13CGIycine-Phenyialanlne values between human terrestrial 
(4.9 ± 1.8%0) and HMP consumers (12.2 ± 1.8%0), the considerable errors associated with 
amino acid 813C determinations are insignificant. Thus, for the moment the application of a 
multi-proxy stable isotope approach in mixed C.jC4 coastal regions shows more promise 
than in exclusively C3 coastal regions. 
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7.1 Overview of aims and objectives 
The principal aims of this research were to evaluate: (i) the applicability of animal-feeding 
experiments and their associated mathematical models to the field of palaeodietary 
reconstruction, and (ii) the level of novel dietary information which can be inferred about 
ancient diet utilising a multi-proxy stable isotope approach. This multi-proxy stable isotope 
approach sought to combine the well-established technique of bulk bone component 
analysis (collagen and apatite) with the more recent compound-specific technique 
(cholesterol and collagen amino acids). Initially, as little was known about the dietary 
signal of bone cholesterol 613C values in large omnivorous mammals, an investigation was 
performed via a controlled feeding experiment on pigs. Following the construction of 
mathematical models which exploited the isotopic relationship observed between bone 
cholesterol and whole diet 513C values, the accuracy of these new models were assessed 
via their comparison with similar models derived from a rat-feeding experiment (Jim, 
2000). Subsequently, the applicability and accuracy of mathematical models derived from 
three important animal-feeding experiments (Equations 4.1 - 4.21) were examined via 
their application to four archaeological studies (A - 0), which comprised humans (n = 90), 
and terrestrial (n = 25) and marine fauna (n = 10), from various regions of differing isotopic 
character. The relative successes and failings of the models were then reviewed, where 
discussion focused on issues of inter-specific protein metabolism differences, the impact 
of dietary composition and the possible influences of diagenetic processes. 
An evaluation of a multi-proxy stable isotope approach was subsequently performed by 
assessing the level of novel dietary information obtainable from two archaeological 
studies. The first study, the Saxon population from Sedgeford, Norfolk, UK, was 
investigated to assess the utility of a multi-proxy stable isotope approach in a C3 coastal 
region. The second study, focusing on Holocene hunter-gatherer diet in the Cape region 
of South Africa, was investigated to assess the utility of a multi-proxy stable isotope 
approach in a mixed C.JC4 coastal region, where bulk collagen isotope analyses have 
been problematic because consumers of marine-based and C4 terrestrial diets are not 
distinguishable via 613C values, and highly 15N-enriched values obtained in extremely arid 
environments render 615N values unreliable. Thus, the aim of this investigation was to 
exploit this multi-proxy stable isotope approach to develop a method of distinguishing 
between marine and C4 terrestrial diets, and to identify a marine dietary indicator to 
substitute for 615N values. It was hypothesised that if the merit of both the mathematical 
models and the multi-proxy stable isotope approach could be shown in both an 
isotopically-uncomplicated (Sedgeford) and an isotopically-complicated region (South 
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Africa), it was considered that they would be equally useful to all palaeodietary 
investigations. 
7.2 Overview of results and conclusions 
Chapter 3 presented the results of a pig-feeding experiment, undertaken to probe the 
dietary isotope signal of bone cholesterol in large omnivorous mammals. Compound-
specific B13C analysis was performed on cholesterol isolated from the diets (n = 14) and 
bones (n = 75) of three generations of pigs subjected to an isotopically-controlled feeding 
experiment, consisting of first-generation lactating sows, second-generation nursing 
piglets and second-generation adults. The principal findings were that: (i) lactating sow 
bone cholesterol B'3C values reflected whole diet values; however, it was concluded that 
the non-perfect correlation (R2 = 0.78) resulted from the partial routing of dietary 
cholesterol to satisfy the demand for cholesterol required for milk production, (ii) sows' 
milk cholesterol originated principally from de novo synthesis from whole diet carbon, 
while second-generation piglet bone cholesterol B'3C values reflected whole diet values 
(R2 = 0.95) resulting from the direct incorporation of cholesterol (with minor isotopic 
fractionation) from sows' milk, and (iii) second-generation adult bone cholesterol B'3e 
values reflected whole diet B13C values more accurately than first generation sows, since 
in these animals the majority of bone cholesterol derived from de novo synthesis (R2 = 
0.88). 
Pig bone cholesterol B'3C values were combined with bone apatite B'3e values (Howland 
et aI., 2003) in the construction of quantitative mathematical models to predict long-term 
(via apatite) and short-term whole diet B'3e values (via cholesterol). Two long-term whole 
diet models were constructed from first-generation sow and second-generation adult 
bone apatite B'3e values (Models 1 and 2), and two short-term whole diet models were 
constructed from second-generation piglets and adults (Models 3 and 4). The accuracy of 
the long and short-term whole diet models were then assessed via their application to 
bone apatite and cholesterol B13e values of rats subjected to a controlled-feeding 
experiment (Ambrose and Norr, 1993; Jim, 2000). The long-term whole diet models were 
shown to accurately predict whole diet B13e values, where ~ 13CQbserved.Predlcted values of 
0.2 ± 0.4%0 and 0.6 ± 0.8%0 were obtained for Models 1 and 2, respectively. The short-
term whole diet models predicted less accurate whole diet &'3e values, where ~ 13eObserved. 
Predicted values of 2.0 ± 1.6%0 and 1.8 ± 1.6%0 were observed for Models 3 and 4, 
respectively. Predicted short-term whole diet B13e values were particularly depleted for the 
70% marine protein consumers resulting from the increased incorporation of dietary 
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cholesterol associated with these diets. This finding for high-protein/high cholesterol diets 
indicated that Models 3 and 4 may not be applicable to human populations where the 
consumption of very high animal protein diets is anticipated. However, even on the normal 
protein diets bone cholesterol 013C values were not as accurate in predicting whole diet 
013C values because of the higher 613CWhole diet-Bone cholesterol values exhibited in rats than 
pigs, and this may be attributable to inter-specific differences. 
Chapter 4 presented an evaluation of the applicability of 21 qualitative and quantitative 
dietary and bone component predictive models (Equations 4.1 - 4.21) to archaeological 
humans (n = 90), and terrestrial (n = 25) and marine fauna (n = 10; studies A - 0). The 
models, deriving from control-feeding experiments on mice (Tieszen and Fagre, 1993), 
rats (Ambrose, 1991) and pigs (Young, 2002), consisted of bulk (collagen and apatite) and 
compound-specific (cholesterol and amino acids) bone component 013C determinations, 
which enabled the prediction of short and long-term whole diet, dietary protein and 
energy, and bone collagen and apatite 013C values. Typically, the results of the dietary 
models revealed disagreement between the values predicted via collagen, apatite and 
cholesterol o13C values and those predicted via collagen amino acid values. Both the 
qualitative and quantitative long-term and short-term whole diet, dietary protein and 
dietary energy models predicted via apatite, cholesterol, collagen/apatite, and 
collagen/apatite, respectively, were shown to predict consistently plausible dietary 
component 013C values in the humans and faunal species. This finding indicated both the 
success of the models and the indigeneity of these bone components in the fossil bones. 
The dietary models derived from bone collagen amino acid O'3C values were typically 
shown to yield erroneous 013C values, which were frequently outside the carbon isotope 
range of food sources. The failure of these models was concluded to reflect a difference 
between rats and other species with respect to the balance between routing and de novo 
synthesis of bone collagen non-essential amino acids. For example, bone collagen proline 
was shown not to be directly assimilated from the diet in adult humans, in the substantial 
correlation observed between proline and its biosynthetic precursor glutamate. On the 
contrary, the lack of correlation observed for juveniles was seen to indicate the direct 
incorporation of proline in childhood to meet the demands of rapid growth, which is in 
good agreement with previous findings (Bertolo et aI., 2000). The utilisation of 
hydroxyproline and glutamate to predict bone collagen and apatite 013C values were 
shown to produce inaccurate results when compared with directly measured values. This 
may have resulted from: (i) the observed correlation between hydroxyproline and collagen 
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in rats being empirical and largely unfounded given the complexity of bone collagen S13C 
values, which are a composite of the 013C values of its 19 constituent amino acids, and (ii) 
the partial assimilation of dietary glutamate results in its differing dietary signal from the 
whole diet indicator apatite. The overall failure of the bone collagen amino acid-derived 
mathematical models were seen to be twofold: (i) the origins of amino acids in rat bone 
collagen reflect a different balance between routing and de novo synthesis than occurs in 
larger mammals and humans, and (ii) the origin of the models in 20% protein diets 
prevented their applicability to individuals who consumed either low or high protein diets. 
Diagenetic alteration of the archaeological bone collagens could not be implicated in the 
failure of the models because both the amino acid distributions of the archaeological 
collagens and the calculated bulk collagen 013C values confirmed their integrity. 
Chapter 5 presented an evaluation of a multi-proxy stable isotope approach to 
palaeodietary reconstruction in a C3 coastal region, namely an investigation into the 
dietary habits of the Middle-Saxon population at Sedgeford, Norfolk. This multi-proxy 
stable isotope approach was shown to provide a wealth of new insights into the little 
known topic of Saxon dietary habits amongst adult males and females, and juveniles. 
While bulk bone component isotope analysis revealed a predominantly C3 terrestrial diet 
with a minor meat and/or marine protein component which was uninfluenced by either age 
or gender, a more complex situation was indicated via compound-specific 013C 
determinations. It was perceived that the consistent enrichment observed in juvenile 
relative to adult bone cholesterol 013C values may have either dietary or biochemical 
implications, although the analysis of juveniles from further archaeological sites was 
proposed to investigate the nature of this enrichment. Bone collagen amino acid 013C 
values were shown to be problematic for 4 amino acids (serine, isoleucine, threonine and 
valine) due to their low abundance in collagen. However, the 013C values of the remaining 
8 bone collagen amino acids from Sedgeford humans were shown to track the amino acid 
&13C values of a reference C 3 diet, thus substantiating their potential utility as 
palaeodietary indicators. Significantly, several dietary insights obscured in bulk collagen 
013C values were revealed. Typically, juveniles exhibited more enriched glycine and more 
depleted proline 013C values when compared to adults, although the balance of the two 
resulted in similar bulk collagen 013C values. The relationship between dietary amino acid 
and energy 013C values, investigated via the comparison of non-essential and essential 
amino acids (e.g. L\ 13CAlanine-Phenyialanine and L\ 13CGlycine-Phenyialanlne values) indicated a 
substantial dietary differentiation between females and males/juveniles, where the former 
exhibited a less varied but possibly higher terrestrial/marine protein diet. 
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Chapter 6 presented an evaluation of a multi-proxy stable isotope approach to 
palaeodietary reconstruction in an isotopically-complex mixed C.jC4 coastal region, 
focusing on Holocene hunter-gatherers of the Cape region of South Africa. There are well-
documented difficulties in interpreting bone collagen CS13C and cS15N values in this region 
resulting from the enrichment in cS15N values associated with arid regions, and the difficulty 
in distinguishing between C4 and high marine protein (HMP) consumers via cS13C values 
(Sealy, 1997). The climatically diverse regions of the southern and western Capes were 
sampled to provide a region with C4 grass availability and a region of extreme aridity, 
respectively. In order to determine whether terrestrial and marine fauna could be 
distinguished via bone collagen amino acid cS13C values, a C4-grazing buffalo and a seal 
which exhibited overlapping bulk collagen cS13C values (-10.0 and -10.8%0, respectively) 
were compared. Importantly, readily distinguishable bone collagen amino acid cS13C values 
were observed, where, with the exception of glycine, the seal amino acid cS13C values were 
depleted relative to those of the C4 consumer. An identical pattern was observed via 
comparison of two humans who were categorized as a C4 and a HMP consumer, via 
interpretation of bulk collagen CS13C and cS15N values. This is the first time the nature of this 
overlap in C4 and marine protein consumer bone collagen CS13C values has been revealed 
at the molecular level. The exploitation of glycine and phenylalanine (~13CGlycine-Phenytalanine) 
values were subsequently shown to clearly differentiate between terrestrial (3.2 ± 4.2%0) 
and marine faunal samples (12.5 ± 0.9%0) by approximately 9.3%0. To verify that this 
finding was more than a coincidence, ~ 13CGlycine-Phenytalanine values were correlated with 
bone collagen cS15N values because the latter are typically utilised as marine dietary 
indicators. A positive relationship was observed between ~ 13CGlycine-Phenytalanlne and cS15N 
values, which was subsequently shown to be reproducible with respect to human, and 
terrestrial and marine faunal species from studies A-D. However, the strength of 
correlation between ~13CGlycine-Phenytalanine and cS15N values observed in humans (R2 = 0.81) 
was greater than that exhibited in faunal species (R2 = 0.54). Although the HMP 
consumers exhibited characteristically high ~ 13CGlycine-Phenytalanlne and cS15N values, no pattern 
emerged within the terrestrial groups, suggesting that ~ 13CGlycine-Phenyialanlne values do not 
provide trophic level information. 
The high ~ 13CGlycine-Phenyialanine values exhibited in HMP consumers was seen to reflect very 
enriched glycine rather than depleted phenylalanine CS13C values. It was perceived that this 
enrichment resulted from the direct incorporation of dietary glycine into bone collagen in 
high marine protein consumers because marine faunal species and HMP consumers 
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exhibited very similar glycine 013C values and ~13CGlycine_Phenytalanine values. As glycine is 
present in higher concentration in marine flesh than any other food source, its direct 
incorporation into bone collagen in HMP consumer adults is plausible. Thus, it was 
demonstrated that bone collagen amino acid 013C values, specifically glycine and 
phenylalanine values, may be utilised as a substitute for bone collagen 015N values in arid 
regions. In addition, because of the large isotope differences exhibited in ~ 13CGlycine-
Phenylalanine values between human terrestrial and marine protein consumers, the 
considerable errors associated with amino acid 013C measurements were seen to be 
insignificant. Hence, it was concluded that the multi-proxy stable isotope approach, when 
applied to mixed C.jC4 regions showed more potential than in exclusively C3 regions. 
7.3 Future recommendations 
Three recommendations for future research have emerged from the work presented 
within, and each is outlined below: 
(i) In the evaluation of a multi-proxy stable isotope approach to palaeodietary 
reconstruction in both C3 and mixed C.jC4 coastal regions, the emergence of novel dietary 
insights has been demonstrated. However, the substantial errors associated with bone 
collagen amino acid 013C determinations {O.7 to 1.5%o}, were shown to represent a 
hindrance to dietary interpretations in the C3 coastal region of Sedgeford because of the 
narrow isotope ranges present. As discussed in Section 5.B, these errors result from a 
combination of isotopic fractionation associated with acetylation and the further 
uncertainty associated with the high molar ratio of derivative-to-sample carbon. The future 
investigation of alternative less carbon-rich esterification/acetylation configurations may 
afford a derivative with smaller associated errors. 
(ii) Further investigations into the balance between routing and de novo synthesis of non-
essential amino acids in bone collagen via controlled-feeding experiments is necessary to 
afford a clearer understanding of archaeological bone collagen amino acid 013C values. 
Certain limitations of previous animal-feeding experiments seem to be implicated in the 
failure of the bone collagen amino acid dietary and bone component predictive models 
when applied to palaeodietary reconstruction. A number of refinements in future animal 
feeding-experiments should enable their more successful application to palaeodietary 
reconstruction: (i) the investigation of a wider range of species of various metabolic 
classes (ruminant, non-ruminant, hind-gut fermenter, marine, avian, etc.) to clarify 
possible inter-specific metabolic differences, (ii) the assessment of 13C-labelled amino 
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acids in overcoming the errors associated with 813C measurements to provide 
unambiguous information on the origins of carbon in bone collagen amino acids, and (iii) 
the utilisation of diets of various qualitative and quantitative compositions to investigate 
the influence of dietary composition on the balance between routing and de novo 
synthesis of bone collagen non-essential amino acids. In addition, the investigation of 
collagen amino acid 813C values of bone biopsies from human hip replacement patients of 
well-established dietary habits, may provide more accurate information on the origins of 
amino acids in human bone collagen. 
(iii) Despite the demonstration of the utility of A 13CGlycine-Phenytalanine values as a 
complementary marine dietary indicator for bone collagen 815N values in arid regions, it is 
important to gain a clearer biochemical understanding of this enrichment. There is now 
substantial evidence that A 15Noiet-Bone collagen spacings are effected by further factors such 
taphonomy, species differences, physiology and protein stress. The processes governing 
the origins of nitrogen in bone collagen are poorly understood because until now their 
investigation has been limited by the focus on bulk tissues, thus obscuring nitrogen 
isotope trends at a molecular level. In order to refine the application of 015N 
determinations to palaeodietary reconstruction, the 815N analysiS of individual amino acids 
in bone collagen and other tissues harvested from animal-feeding experiments is 
suggested. The physiological and environmental factors governing bone collagen 815N 
values could be assessed through a programme of controlled-feeding experiments on 
various mammalian species under normal, water/temperature stressed and protein 
stressed conditions. However, the optimisation of a method for the reliable determination 
of bone collagen amino acid 815N values would have to playa fundamental role in this 
endeavour. Optimisation with respect to derivatisation, chromatographic performance, 
reactor configurations, instrumental sensitivity, detection limits and analytical errors, would 
have to be achieved prior to analYSis of tissue samples. 
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Table A1.1. Life histories of first-generation sows: weights and dates of animals at beginning and 
end of experiment. 
Diet Pig Start date Start weight Sacrifice Sacrifice Days In (kg) date Weight (kg) Experiment 
1 a145 15-Apr-97 15.5 04-May-98 208 384 
2 127 15-Apr-97 11.5 10-Jun-98 n.d. 420 
3 129 15-Apr-97 12.1 12-May-98 n.d. 390 
4 138 15-Apr-97 16.5 10-Jun-98 n.d. 418 
5 131 15-Apr-97 18.5 27-May-98 n.d. 403 
6 132 15-Apr-97 20.1 04-May-98 n.d. 402 
7 a 133 15-Apr-97 9.5 04-May-98 181 378 
8 140 15-Apr-97 11.5 10-Jun-98 n.d. 414 
9 a 139 15-Apr-97 10.1 04-May-98 189 376 
10 141 15-Apr-97 16.5 16-May-98 n.d. 387 
11 a 143 15-Apr-97 17.1 04-May-98 171 374 
11 144 15-Apr-97 17.1 12-May-98 160 381 
12 147 15-Apr-97 16.1 10-Jun-98 n.d. 409 
12 149 15-Apr-97 17.1 12-May-98 n.d. 379 
aOid not become oestrus. 
Table A1.2. Life histories of second-generation piglets: dates of birth and sacrifice and weights at 
sacrifice. 
Diet Pig Sex Mother Date of Birth Sacrifice date Sacrifice Sacrifice Weight (kg) age (days) 
2 4894 F 127 11-May-98 14-Jul-98 15.6 64 
2 4896 F 127 11-May-98 14-Jul-98 13.4 64 
3 4801 M 129 09-Mar-98 27-Aug-98 20.7 67 
3 4803 M 129 09-Mar-98 15-MaY-98 21.6 67 
3 4804 M 129 09-Mar-98 15-MaY-98 27.8 67 
3 4807 M 129 09-Mar-98 15-MaY-98 23.7 67 
4 4855 M 138 07-Apr-98 11-Jun-98 19.9 65 
4 4858 F 138 07-Apr-98 11-Jun-98 18.6 65 
5 4832 M 131 27-Mar-98 28-May-98 15.4 62 
5 4835 F 131 27-Mar-98 28-May-98 17.1 62 
6 4842 M 132 01-Apr-98 28-May-98 21.8 57 
6 4845 F 132 01-Apr-98 28-MaY-98 19.9 57 
8 4860 F 140 10-Apr-98 11-Jun-98 15.7 62 
8 4862 M 140 1O-Apr-98 11-Jun-98 17.2 62 
8 4863 M 140 10-Apr-98 11-Jun-98 11.1 62 
8 4867 F 140 10-Apr-98 11-Jun-98 15.6 62 
11 4812 F 144 14-Apr-98 15-MaY-98 19.3 31 
11 4814 F 144 14-Apr-98 15-MaY-98 21.7 31 
12 4823 M 149 15-Mar-98 15-May-98 21.1 61 
12 4829 F 149 15-Mar-98 15-MaY-98 20.5 61 
12 4883 F 147 21-Apr-98 11-Jun-98 14.1 65 
12 4885 F 147 21-Apr-98 11-Jun-98 12.8 65 
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Table A1.3. Life histories of second-generation adults: weights and dates of animals at beginning 
and end of experiment. Diet switches employed at weaning are shown under 'Diet' heading (i.e. 
Diet 'x to y). 
Diet Pig Sex Mother Date of Birth Sacrifice date Sacrifice Sacrifice Weight (kg) age (days) 
2 280 F 127 11-May-98 23-Nov-98 105.5 196 
2t09 279 F 127 11-May-98 22-0ct-98 97.2 164 
3 247 F 129 09-Mar-98 27-Aug-98 102.5 171 
3 248 M 129 09-Mar-98 27-Aug-98 105.6 171 
3t07 237 M 129 09-Mar-98 03-Jun-98 175.9 86 
3t07 236 M 129 09-Mar-98 03-Jun-98 177.7 86 
4 267 F 138 07-Apr-98 16-Sep-98 82.6 192 
4 271 F 138 07-Apr-98 16-Sep-98 84.6 193 
4 265 F 138 07-Apr-98 17-Sep-98 84.8 193 
4 270 M 138 07-Apr-98 03-Sep-98 96.7 193 
4 266 M 138 07-Apr-98 17-Sep-98 84.3 193 
4 268 F 138 07-Apr-98 17-Sep-98 95.2 192 
4 269 F 138 07-Apr-98 17-Sep-98 83.7 193 
5 258 M 131 27-Mar-98 10-Sep-98 84.1 167 
5 257 F 131 27-Mar-98 10-Sep-98 90.4 167 
6 255 M 132 01-Apr-98 10-Sep-98 96.4 162 
6 256 F 132 01-Apr-98 10-Sep-98 86.3 162 
6to 1 254 M 132 01-Apr-98 17-Sep-98 97.9 169 
6to 1 253 F 132 01-Apr-98 17-Sep-98 90.5 169 
6t07 252 F 132 01-Apr-98 10-Sep-98 92.1 175 
6t07 251 F 132 01-Apr-98 23-Sep-98 98.4 162 
8 275 M 140 10-Apr-98 23-Sep-98 89.3 166 
8t07 272 F 140 10-Apr-98 20-Jan-99 104.1 285 
8t07 273 F 140 10-Apr-98 30-0ct-98 102.6 203 
8t09 274 M 140 10-Apr-98 07-0ct-98 102.2 180 
10 278 M 141 14-Apr-98 23-Sep-98 94.7 162 
10 to 13 277 F 141 14-Apr-98 22-0ct-98 97.7 191 
10 to 14 276 M 141 14-Apr-98 22-0ct-98 97.1 191 
11 239 M 144 14-Apr-98 27-Aug-98 105.7 135 
11 238 M 144 14-Apr-98 03-Sep-98 96.1 142 
12 242 F 149 15-Mar-98 10-Sep-98 96.8 179 
12 241 F 149 15-Mar-98 16-Sep-98 94.3 185 
12 245 M 149 15-Mar-98 16-Sep-98 97.6 185 
12 240 M 149 15-Mar-98 03-Sep-98 101.8 172 
12 244 F 149 15-Mar-98 03-Sep-98 99.4 172 
12 246 M 149 15-Mar-98 03-Sep-98 101.1 172 
12 243 F 149 15-Mar-98 16-Sep-98 87.6 185 
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Table A1.4. Details of second-generation adult switch from New Zealand to French casein: switch 
dates and weight and length of time (until sacrifice) and weight gained on French casein. Diet 
switches employed at weaning are shown under 'Diet' heading (Le. Diet 'x to y'). 
Switch Weight at Age at switch Duration of Weight gain Weight gain Diet Pig on switch date switch (kg) (days) switch (days) (kg) on switch (%) 
2 280 6-17-98 15.2 37 159 90.3 85.6 
3 247 6-17-98 52.2 100 71 50.3 49.1 
3 248 6-17-98 53.0 100 71 52.6 49.8 
3-7 236 7-10-98 75.6 123 37 101.5 57.7 
3-7 237 7-10-98 76.2 123 37 100.3 56.4 
4 265 6-26-98 31.4 80 113 53.4 63.0 
4 266 6-26-98 33.8 80 113 50.5 59.9 
4 267 6-26-98 34.7 80 113 47.9 58.0 
4 268 6-26-98 39.4 80 113 55.8 58.6 
4 269 6-26-98 34.5 80 113 49.2 58.8 
4 270 6-26-98 40.1 80 113 56.6 58.5 
4 271 6-26-98 32.0 80 113 52.6 62.2 
5 258 n.a. n.a. n.a. n.a. n.a. n.a. 
5 257 n.a. n.a. n.a. n.a. n.a. n.a. 
6 255 n.a. n.a. n.a. n.a. n.a. n.a. 
6 256 n.a. n.a. n.a. n.a. n.a. n.a. 
6-1 254 6-17-98 31.0 77 92 62.9 64.2 
6-1 253 6-17-98 27.6 77 92 66.9 73.9 
6-7 252 7-10-98 51.3 100 62 46.7 47.6 
6-7 251 7-10-98 51.7 100 75 46.8 47.6 
8 275 6-17-98 24.2 68 98 65.1 72.9 
8-7 8272 7-10-98 41.3 91 194 62.8 60.3 
8-7 b273 7-10-98 43.7 91 112 58.9 57.4 
10 278 n.a. n.a. n.a. n.a. n.a. n.a. 
10-13 277 n.a. n.a. n.a. n.a. n.a. n.a. 
10-14 276 n.a. n.a. n.a. n.a. n.a. n.a. 
11 238 8-7-98 99.1 115 27 -3.0 -3.1 
11 239 8-7-98 86.2 115 20 19.5 18.4 
12 240 6-17-98 46.5 94 78 55.3 54.3 
12 241 6-17-98 39.7 94 91 54.6 57.9 
12 242 6-17-98 43.3 94 85 53.5 55.3 
12 243 6-17-98 37.9 94 91 49.7 56.7 
12 244 6-17-98 50.7 94 78 48.7 49.0 
12 245 6-17-98 41.9 94 91 55.7 57.1 
12 246 6-17-98 SO.7 94 78 50.4 49.9 
BOiet switched for last 120 days of life. 
bOiet switched for last 40 days of life. 
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Table A2.1. Results of isotopic analysis of bone cholesterol and apatite of first-generation sows. 
Bone apatite 813C values are reproduced from Howland (2003). 
Diet Pig Bone cholesterol (%0) Bone apatite (%0) 
1 145 -19.1 -4.5 
2 127 -21.1 -6.9 
3 129 -25.5 -14.2 
4 138 -22.6 -11.8 
5 131 -23.2 -9.0 
6 132 -19.8 -6.3 
7 133 -21.0 -5.0 
8 140 -24.4 -13.6 
9 139 -22.6 -7.0 
10 141 -20.9 -4.3 
11 143 -25.9 -12.3 
11 144 -24.8 -13.0 
12 149 -22.3 -7.9 
12 147 -20.7 -8.3 
Table A2.2. Results of isotopic analysis of bone cholesterol and apatite of second-generation 
piglets. Bone apatite 813C values are reproduced from Howland (2003). 
Diet Pig Bone cholesterol (%0) Bone apatite (%0) 
2 4894 -14.8 n.d. 
3 4896 -14.1 -6.7 
3 4801 -19.5 n.d. 
4 4804 -19.7 n.d. 
4 4855 -18.1 -13.2 
5 4858 -16.6 n.d. 
5 4832 -15.9 n.d. 
6 4835 -16.0 n.d. 
6 4842 -14.3 n.d. 




9 4861 -21.0 -17.4 
10 4863 -21.1 n.d. 
11 4867 -21.2 -18.2 
11 4812 -18.9 -14.1 
12 4814 -18.9 -13.3 
12 4823 -15.4 -8.2 
13 4829 -15.5 -8.7 
14 4883 -14.3 -8.0 
15 4888 -14.2 -8.1 
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Table A2.3. Results of isotopic analysis of bone cholesterol and apatite of second-generation 
adults. Bone apatite 813C values are reproduced from Howland (2003). Diet switches employed at 
weaning are shown under 'Diet' heading (i.e. Diet 'x to y'). 
Diet Pig Bone cholesterol (%0) Bone apatite (%0) 
2 280 -18.9 -5.1 
2-9 279 -19.4 -7.3 
2-9 274 -20.6 -8.1 
3 247 -24.5 -13.9 
3 248 -26.1 n.d. 
4 265 -23.0 -12.2 
4 266 -22.3 -11.2 
4 267 -23.3 -11.4 
4 268 -22.7 -11.0 
4 269 -23.0 -11.3 
4 270 -22.7 -10.5 
4 271 -22.3 -11.2 
5 257 -21.4 -7.9 
5 258 -21.4 -8.4 
6 255 -20.3 -5.8 
6 256 -20.2 -5.7 
6 -1 253 -16.7 -3.3 
6 -1 254 -17.6 
-3.9 
6-7 251 -16.2 -3.9 
6-7 252 -16.7 -3.8 
8 275 -26.4 -16.4 
8 272 272 -21.7 -8.0 
b273 273 -24.7 -10.5 
10 278 -18.4 -4.7 
10 -13 277 -22.2 -9.8 
10 -14 276 -20.8 -8.5 
11 238 -23.2 -12.2 
11 239 -25.8 -12.5 
12 240 -17.4 -6.0 
12 241 -18.4 -5.9 
12 242 -20.0 -6.2 
12 243 -17.6 -6.6 
12 245 -18.8 -6.4 
12 244 -18.9 -6.2 
12 246 -19.3 -5.9 
a Diet switched for last 120 days of life. 
bOiet switched for last 40 days of life. 
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Table A3.1. Bone collagen cS13C and cS15N values, and bone apatite and cholesterol CS'3C values of 
human and faunal samples from Groups A-D. 
Sample Skeleton Collagen Collagen Apatite Cholesterol Number (S1lC) (S15N) 
Group A 50002 -20.2 10.7 -14.3 -23.9 
Males 50004 -20.9 6.1 -14.0 -23.5 
50007 -19.2 10.8 -13.6 -24.1 
50009 -21.3 7.8 -13.3 -22.8 
50017 -20.4 8.0 -13.5 -24.4 
50028 -20.2 8.3 -13.5 -22.4 
50030 -19.6 9.2 -14.0 -23.7 
50032 -20.9 8.5 -13.8 -25.8 
50034 -21.1 8.4 -13.1 -22.2 
50037 -20.9 7.8 -13.9 -24.5 
50049 -19.6 11.2 n.d. -25.3 
51016 -19.5 10.3 -15.2 -23.3 
51023 -19.5 10.7 -14.9 -21.1 
51033 -19.5 10.3 -14.4 -22.5 
Females 50003 -19.8 8.4 n.d. -23.2 
50010 -20.0 8.1 n.d. -25.1 
50036 -19.8 8.7 -13.8 -23.0 
50041 -20.4 8.2 -13.8 -23.3 
50043 -20.6 7.7 -12.7 -22.8 
50048 -18.9 8.7 -14.2 -23.6 
50052 -20.6 6.9 n.d. -22.6 
50058 -19.9 10.4 -14.1 -22.7 
50061 -19.4 11.8 -13.0 -23.6 
50069 -21.2 9.0 -13.5 -23.5 
50071 -19.3 10.1 -13.7 -23.1 
50078 -19.8 8.6 -13.7 
-23.4 
50079 -19.8 8.5 -12.9 -25.0 
51017 -19.1 9.5 -15.4 -23.2 
S0046 -21.4 n.d. -12.8 -23.0 
50066 -20.2 n.d. -12.9 -24.8 
Juveniles 51022 -21.8 5.7 -13.1 -20.3 
50027 -21.8 7.6 -13.4 -22.4 
50088 -21.2 9.5 -13.8 -20.0 
51003 -20.7 9.9 -14.1 -24.9 
51005 -20.5 9.2 -12.9 -18.8 
S1006 -20.3 10.0 -12.8 -20.5 
51020 -19.5 9.4 -14.2 -20.8 
51022 -21.6 7.2 -12.9 -21.2 
51025 n.d. n.d. -13.6 -24.7 
51036 n.d. n.d. -13.9 -21.0 
51040 -19.7 10.0 -12.8 -21.7 
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Sample Skeleton Collagen Collagen Apatite Cholesterol Number (313C) (315N) 
S1048 -19.8 9.4 -13.1 -21.2 
S1058 -18.7 10.7 -13.8 -23.0 
S1009 -19.7 9.9 -13.2 -23.7 
S1038 -19.2 9.9 -12.9 -19.6 
Group B UCT5234 -12.2 9.3 -8.8 n.d. 
UCT5217 -11.6 10.7 -8.6 n.d. 
UCT5181 -14.2 9.9 -11.4 n.d. 
UCT5605 -17.0 8.3 n.d. n.d. 
UCT5200 -16.7 8.6 -10.6 n.d. 
UCT5180 -16.3 10.2 -12.4 n.d. 
UCT5185 -15.8 8.7 n.d. n.d. 
UCT5233 -12.0 16.3 -8.0 n.d. 
UCT5210 -12.4 16.2 -8.3 n.d. 
UCT5213 -11.1 17.5 -7.7 n.d. 
UCT5214 -11.5 17.5 -8.5 n.d. 
UCT5215 -11.7 16.6 -9.1 n.d. 
UCT7402 -9.1 17.6 n.d. n.d. 
UCT7412 -11.1 17.7 n.d. n.d. 
UCT1683 -17.9 10.2 -13.5 n.d. 
UCT1744 -16.0 11.3 -12.3 n.d. 
UCT1691 -17.2 10.5 n.d. n.d. 
UCT1756 -16.1 12.7 -12.5 n.d. 
UCT1684 -17.6 11.3 n.d. n.d. 
UCT1093 -19.0 9.9 n.d. n.d. 
UCT1747A -12.3 17.3 -11.2 n.d. 
UCT1748 -12.5 16.3 -11.0 n.d. 
UCT1751 -11.7 16.1 -10.2 n.d. 
UCT1746 -10.6 16.7 -9.2 n.d. 
UCT1741A -10.6 15.8 n.d. n.d. 
UCT1750 -11.8 16.4 n.d. n.d. 
UCT7407 -5.6 9.4 n.d. n.d. 
UCT5668 -18.6 14.0 n.d. n.d. 
UCT5667 -18.7 12.8 n.d. n.d. 
UCT21 00 -15.9 17.6 n.d. n.d. 
Seal UCT7454 -10.8 15.0 n.d. n.d. 
Seal UCT7475 -11.3 19.0 n.d. n.d. 
Whale UCT788 -12.8 13.5 n.d. n.d. 
Whale UCT1920 -12.4 12.7 n.d. -20.0 
Buffalo UCT5003 -12.5 3.9 n.d. n.d. 
Buffalo UCT5014 -10.0 5.3 n.d. n.d. 
Steenbok UCT2161 -17.9 11.2 n.d. n.d. 
Steenbok UCT2163 -18.0 11.4 n.d. n.d. 
Sheep UCT2137 -16.5 9.2 n.d. n.d. 
Sheep UCT2138 -17.9 7.5 n.d. n.d. 
Sheep UCT2141 -18.5 12.5 n.d. n.d. 
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Sample Skeleton Collagen Collagen Apatite Cholesterol Number (S13C) (S15N) 
Rock hyrax UCT61(1) -19.4 15.7 n.d. n.d. 
Rock hyrax UCT61 (2) -18.7 19.7 n.d. n.d. 
Tortoise UCT2056 -22.2 2.9 n.d. n.d. 
Tortoise UCT2057 -22.1 2.5 n.d. n.d. 
Tortoise UCT3382 -20.9 8.8 n.d. n.d. 
Tortoise UCT3383 -21.0 10.3 n.d. n.d. 
GroupC MK8_54 -14.4 10.0 -12.1 -21.3 
MK8-55 -15.2 10.4 -11.4 -21.9 
MK8-56 -15.4 8.B -12.5 -22.4 
MKB-57 -13.2 11.6 -11.1 -21.0 
MKB-58 -15.4 11.0 -12.9 -22.4 
TB12-4 -15.9 n.d. -9.5 -22.5 
TB12-6 -15.1 11.3 -10.4 -22.6 
TB12-139 -15.8 9.9 n.d. -19.0 
TB12-164 -14.1 5.4 n.d. -20.B 
TB12-169 -16.7 11.2 n.d. -19.8 
TU2-207 -12.4 8.2 -8.3 -19.6 
UU1A -10.2 9.9 n.d. -15.7 
UU1B -20.3 3.3 n.d. -23.B 
UU1C -14.2 6.7 n.d. -19.B 
UU3-14 -14.6 12.9 n.d. -1B.0 
Sheep TB12-139 -9.B 11.4 n.d. n.d. 
Cow TB12-14 -11.1 1.9 n.d. n.d. 
Chicken MK7-102 -15.9 10.0 n.d. n.d. 
Chicken TB12-201 -14.3 9.9 n.d. n.d. 
Sykes monkey TU7-720 -19.1 4.2 n.d. n.d. 
Dugong MK7-122 -2.1 6.4 -1.6 -5.9 
Group 0 
Sealion 02 -12.0 17.7 n.d. n.d. 
Salmon 038 -14.5 11.1 n.d. n.d. 
Salmon 042 -14.0 13.1 n.d. n.d. 
Salmon 041 -15.6 9.5 n.d. n.d. 
Deer 01 -21.7 3.7 n.d. n.d. 
Oeer 016 -21.1 4.1 n.d. n.d. 
Deer 025 -21.7 3.6 n.d. n.d. 
Dog 03 -12.1 16.1 n.d. n.d. 
Dog 04 -12.0 14.7 n.d. n.d. 
Dog 06 -12.7 14.9 n.d. n.d. 
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Table A3.2. Bone collagen alanine, glycine, serine and aspartate 813C values of human and faunal 
samples from Groups A-D. 
Sample Skeleton Bone Bone Bone Bone Number alanine glycine serine aspartate 
Group A 50002 -23.3 (0.8) -17.0 (1.1 ) -10.1 (1.7) -29.7 (1.3) 
Males 50004 -25.3 (1.0) -16.2 (1.5) -8.0 (2.8) -17.9 (1.3) 
50007 -22.0 (1.1 ) -13.9 (1.5) -10.8 (1.4) -18.1 (1.1 ) 
50009 -23.9 (0.8) -15.4 (1.3) -10.0 (1.2) -13.4 (1.3) 
50017 -23.7 (0.8) -13.6 (1.3) -15.3 (1.7) -12.0 (1.3) 
50028 -21.6 (0.8) -13.1 (1.5) -15.9 (1.9) -21.5 (1.3) 
50030 -23.3 (0.8) -14.3 (1.1 ) -6.7 (1.1 ) -27.6 (1.3) 
50032 -19.8 (0.8) -15.2 (2.0) -20.2 (1.7) -21.6 (1.3) 
80034 -25.4 (0.8) -13.4 (1.1 ) -22.6 (1.9) -11.1 (1.3) 
50037 -26.7 (1.0) -15.8 (1.5) -19.9 (1.7) -10.9 (1.3) 
80049 -24.6 (1.0) -14.5 (1.3) -12.5 (2.5) -26.3 (1.3) 
81016 -21.7 (1.0) -12.3 (2.0) -7.6 (1.2) -28.5 (1.3) 
81023 -22.7 (0.8) -13.0 (1.1 ) -6.6 (1.1 ) -20.5 (1.3) 
81033 -23.0 (1.1) -13.6 (1.5) -12.3 (1.4) -18.3 (1.3) 
Females 80003 -24.5 (1.1 ) -15.3 (1.5) -14.6 (1.7) -21.8 (2.3) 
80010 -23.9 (0.8) -14.4 (1.1 ) -13.1 (3.8) -19.8 (1.3) 
80036 -22.8 (1.1 ) -14.0 (1.5) -15.1 (8.1 ) -19.2 (1.3) 
80041 -22.6 (0.8) -13.5 (2.0) -10.9 (1.1 ) -22.3 (1.3) 
80043 -25.0 (0.8) -16.9 (1.5) -10.5 (1.4) -24.6 (1.3 
50048 -24.0 (0.8) -14.3 (1.5) -14.2 (4.1 ) -21.4 (1.3) 
50052 -26.1 (1.0) 
-13.9 (1.3) -15.6 (1.9) -21.2 (1.3) 
50058 -24.4 (1.0) -14.4 (1.3) -16.0 (1.9) -22.4 (1.3) 
50061 -24.4 (1.8) -14.6 (1.8) -15.7 (4.1 ) -22.6 (1.3) 
50069 -26.0 (0.8) -17.9 (1.5) -10.1 (1.2) -24.0 (1.3) 
80071 -23.2 (0.8) -14.0 (1.8) -16.0 (1.9) -24.7 (1.3) 
50078 -24.7 (1.0) -14.8 (1.1 ) -12.4 (3.5) -22.1 (1.3) 
50079 -25.1 (0.8) 
-16.9 (1.3) -9.6 (1.1 ) -14.6 (1.3) 
51017 -24.3 (0.8) -14.1 (1.5) -9.1 (1.4) -16.7 (1.8) 
80046 -22.2 (0.8) -17.6 (1.1 ) -9.7 (1.0) -19.0 (1.3) 
80066 -23.1 (1.1 ) -17.4 (1.1 ) -11.8 (1.4) -23.0 (2.3) 
Juveniles 81022 -24.0 (0.8) -13.5 (2.4) -16.4 (1.2) -26.2 (1.3) 
80027 -26.1 (1.1) -15.9 (1.1 ) -14.1 (2.2) -20.5 (3.7) 
80088 -24.0 (0.8) -16.5 (2.0) -16.0 (1.9) -11.8 (1.3) 
81003 -23.3 (1.1 ) -13.9 (1.5) -16.5 (1.4) -16.4 (1.3) 
81005 -23.7 (1.0) -12.8 (1.1 ) -14.3 (1.2) -17.2 (1.3) 
81006 -20.3 (0.8) -11.4 (1.1 ) -10.2 (1.2) -5.4 (1.3) 
81020 -22.0 (0.8) -13.5 (1.1 ) -11.3 (1.9) -13.9 (1.3) 
81022 -21.5 (0.8) -12.6 (1.1 ) -14.9 (1.9) -16.2 (1.3) 
81025 -20.9 (1.0) -11.4 (1.3) -16.5 (1.4) -19.3 (1.3) 
81036 -23.7 (0.8) -15.0 (1.1 ) -9.6 (1.7) -23.6 (1.3) 
81040 -20.4 (0.8) -10.5 (1.1 ) -16.7 (2.2) -17.6 (1.3) 
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Sample Skeleton Bone Bone Bone Bone Number alanine glycine serine aspartate 
51048 -21.6 (0.8) -12.5 (1.1 ) -13.9 (1.7) -22.7 (1.3) 
51058 -21.4 (1.1 ) -10.9 (1.1 ) -12.5 (1.2) -17.2 (1.3) 
51009 -18.8 (0.8) -12.9 (1.1 ) -18.0 (1.7) -20.9 (1.3) 
51038 -23.0 (0.8) -13.8 (1.3) -14.9 (1.9) -21.9 (1.3) 
Group B UCT5234 -18.0 (1.1 ) -10.2 (1.5) 9.5 (1.4) -11.2 (1.3) 
UCT5217 -16.1 (1.1 ) -9.6 (1.1 ) -0.5 (1.4) -7.6 (1.5) 
UCT5181 -17.6 (1.1 ) -12.0 (1.5) -0.1 (1.4) -12.5 (1.3) 
UCT5605 -21.4 (0.8) -14.9 (2.0) -10.5 (1.9) -15.5 (1.3) 
UCT5200 -21.3 (1.0) -11.1 (1.1 ) -10.7 (1.1 ) -18.0 (0.9) 
UCT5180 -19.4 (1.1 ) -13.0 (1.5) -3.7 (1.2) -14.3 (1.3) 
UCT5185 -20.7 (1.1 ) -10.3 (2.0) -19.5 (1.4) -17.0 (1.0) 
UCT5233 -16.1 (1.1 ) -7.6 (1.5) 0.4 (1.7) -11.4 (1.3) 
UCT5210 -15.7 (1.1 ) -5.8 (1.5) -0.8 (1.7) -13.5 (1.1 ) 
UCT5213 -14.7 (0.8) -4.4 (1.1 ) -13.2 (1.1 ) -10.1 (1.3) 
UCT5214 -14.4 (1.1 ) -5.3 (1.5) -10.7 (1.4) -10.7 (1.1 ) 
UCT5215 -14.2 (1.0) -3.7 (1.5) 1.5 (1.4) -11.0 (1.1 ) 
UCT7402 -12.6 (0.8) -3.2 (1.1 ) -5.9 (1.2) -11.5 (1.3) 
UCT7412 -13.4 (0.8) -4.8 (1.3) -0.2 (1.7) -11.7 (1.3) 
UCT1683 -21.3 (1.0) -14.3 (1.5) -11.7 (1.2) -16.6 (1.3) 
UCT1744 -22.2 (1.0) -12.7 (1.8) -5.6 (2.5) -23.7 (1.3) 
UCT1691 -21.3 (1.0) -14.6 (1.3) -9.0 (1.4) -17.6 (1.3) 
UCT1756 -23.0 (0.8) -11.3 (2.7) -8.2 (1.7) -9.3 (1.3) 
UCT1684 -20.0 (0.8) 
-15.3 (1.1 ) -15.2 (1.4) -14.7 (1.3) 
UCT1093 -20.9 (0.8) -14.6 (1.1) -16.8 (2.8) -18.3 (1.3) 
UCT1747A -19.8 (1.0) 
-3.4 (1.3) -0.2 (1.4) -7.2 (1.3) 
UCT1748 -19.4 (1.1) 
-3.2 (1.5) 3.1 (1.2) -7.8 (1.3) 
UCT1751 -18.7 (1.0) 
-2.5 (2.0) 4.8 (1.1 ) -11.5 (1.3) 
UCT1746 -15.5 (1.0) -3.2 (1.3) -3.2 (1.2) -16.0 (1.3) 
UCT1741A -13.3 (1.1) -4.1 (1.3) 3.4 (1.4) -8.4 (1.3) 
UCT17S0 -18.S (1.0) -7.S (1.1 ) 20.7 (3.8) -12.8 (1.3) 
UCT7407 -7.S (1.8) 
-0.2 (1.3) 4.S (1.4) -9.9 (1.3) 
UCT5668 -22.4 (1.1) -16.0 (1.S) -10.6 (1.1 ) -16.8 (1.3) 
UCTS667 -20.1 (0.8) -16.4 (1.1 ) -6.3 (4.1 ) -14.6 (1.3) 
UCT21 00 -22.4 (1.0) -10.S (2.7) -16.2 (1.7) -16.4 (1.3) 
Seal UCT7454 -16.1 (1.1 ) 
-3.8 (1.5) 5.7 (1.9) -16.0 (1.3) 
Seal UCT7475 
-20.2 (1.0) -6.4 (1.1) -3.1 (2.2) -17.8 (1.3) 
Whale UCT788 
-13.8 (1.0) -S.3 (1.3) -19.0 (1.1 ) -11.2 (1.3) 
Whale UCT1920 
-14.7 (1.0) -6.7 (2.0) 5.7 (1.2) -1S.7 (1.3) 
Buffalo UCTS003 -16.7 (0.8) -6.8 (1.3) -5.4 (1.1 ) -10.8 (1.3) 
Buffalo UCT5014 
-16.5 (0.8) -5.4 (1.1 ) 3.6 (2.2) -10.6 (1.3) 
Steenbok UCT2161 
-23.0 (0.8) -14.1 (1.1) -2.2 (1.7) -15.8 (1.3) 
Steenbok UCT2163 
-23.8 (1.6) -13.1 (1.1 ) -6.1 (1.7) -15.3 (1.3) 
Sheep UCT2137 
-21.5 (0.8) -13.2 (2.0) -9.1 (2.8) -16.9 (1.3) 
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Sample Skeleton Bone Bone Bone Bone Number alanine glycine serine aspartate 
Sheep UCT2138 -22.8 (0.8) -14.9 (1.1 ) -14.6 (1.9) -14.9 (1.3) 
Sheep UCT2141 -23.4 (0.8) -14.4 (1.1 ) -9.S (2.S) -1S.7 (1.3) 
Rock Hyrax UCT61(1) -22.2 (1.0) -18.6 (2.4) -19.7 (1.7) -14.S (1.3) 
Rock Hyrax UCT61 (2) -22.S (1.6) -16.1 (1.S) -16.1 (1.1 ) -13.6 (1.3) 
Tortoise UCT20S6 -2S.7 (0.8) -23.7 (1.3) -7.6 (1.1 ) -18.0 (1.3) 
Tortoise UCT20S7 -24.2 (0.8) -22.1 (1.1 ) -14.2 (1.9) -16.S (1.3) 
Tortoise UCT3382 -24.9 (0.8) -22.1 (1.S) -S.8 (1.4) -16.8 (1.3) 
Tortoise UCT3383 -24.0 (1.0) -23.3 (1.3) -9.3 (1.9) -16.6 (1.3) 
Group C MK8_54 -21.0 (1.1 ) -12.0 (1.S) -1.4 (1.4) -18.6 (1.3) 
MK8-SS -20.8 (1.1 ) -11.9 (1.3) -1.9 (1.7) -1S.6 (1.1 ) 
MK8-S6 -20.9 (1.1 ) -13.S (1.S) -2.3 (1.4) -17.8 (1.3) 
MK8-S7 -19.3 (1.0) -9.1 (1.8) -0.4 (1.1 ) -1S.9 (1.1 ) 
MK8-S8 -23.S (1.1 ) -1S.7 (1.8) -3.8 (1.7) -22.0 (2.0) 
TB12-4 -23.6 (1.1 ) -8.8 (1.S) -3.2 (1.4) -27.2 (2.6) 
TB12-6 -22.0 (0.8) -10.8 (1.S) 0.0 (1.1 ) -6.8 (1.3) 
TB12-139 -21.1 (1.1 ) -11.S (1.3) -3.3 (1.4) -17.7 (1.8) 
TB12-164 -21.7 (1.0) -12.0 (1.1 ) -S.8 (1.2) -19.9 (1.3) 
TB12-169 -23.0 (1.1 ) -13.9 (1.S) 0.7 (1.1 ) -21.3 (1.3) 
TU2-207 -14.7 (0.8) -10.1 (1.3) 4.0 (S.1 ) -18.1 (1.3) 
UU1A -16.S (0.8) -S.9 (1.1 ) 7.1 (3.2) -10.7 (1.3) 
UU1B -30.0 (0.8) -18.1 (1.1 ) -6.8 (1.9) -6.S (1.3) 
UU1C -21.6 (0.8) -9.0 (1.1 ) -4.9 (1.1 ) -23.4 (1.3) 
UU3-14 -13.7 (0.8) -9.7 (1.1 ) -1S.1 (3.S) -18.1 (1.3) 
Sheep TB12-139 -12.0 (0.8) -6.7 (1.1 ) -1.7 (1.2) -16.0 (1.3) 
Cow TB12-14 -19.S (1.0) -10.1 (1.8) 1.6 (1.1 ) -16.7 (1.3) 
Chicken MK7-102 -20.S (0.8) -9.0 (1.1) -2.8 (1.2) -24.9 (1.3) 
Chicken TB12-201 -21.0 (0.8) -9.8 (1.1) -3.S (1.2) -14.7 (1.3) 
Sykes monkey TU7-720 -24.7 (0.8) -13.8 (1.8) -8.2 (1.7) -21.1 (1.3) 
Ougong MK7-122 -B.8 (0.8) 4.7 (1.1 ) 7.7 (1.0) -14.0 (1.3) 
Group D 
Sealion 02 -16.1 (1.1 ) -3.1 (1.S) -S.9 (1.4) -11.7 (1.3) 
Salmon 038 -16.0 (1.1 ) -3.3 (1.S) -9.0 (1.4) -12.8 (1.1 ) 
Salmon 042 -18.1 (0.8) -3.4 (1.5) -5.2 (1.9) -13.4 (1.3) 
Salmon 041 -16.7 (1.1) -6.0 (1.5) -7.8 (1.4) -14.2 (1.3) 
Deer 01 -27.7 (1.0) -17.9 (1.1 ) -11.2 (1.9) -22.8 (1.8) 
Deer 016 -26.0 (1.1) -16.0 (2.0) -16.0 (1.2) -18.4 (1.8) 
Deer 02S -24.6 (1.1) -16.0 (2.4) -16.8 (1.7) -18.0 (1.1 ) 
Dog 03 -17.6 (1.6) -5.4 (1.S) 2.3 (1.2) -13.5 (1.1 ) 
Dog 04 
-15.3 (1.1 ) -4.5 (1.8) -2.9 (1.4) -10.2 (1.1 ) 
Dog 06 -16.9 (1.1 ) -4.6 (1.S) -5.S (2.2) -11.6 (1.3) 
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Table A3.3. Bone collagen glutamate, proline, hydroxyproline and leucine 013C values of human 
and faunal samples from Groups A-D. 
Sample Skeleton Bone Bone Bone Bone Number glutamate proline hydroxyproline leucine 
Group A 50002 -25.5 (1.1 ) -17.5 (1.7) -23.2 (0.9) -35.0 (1.2) 
Males 50004 -20.8 (1.1 ) -21.6 (0.6) -22.1 (0.9) -34.3 (0.6) 
50007 -16.4 (1.1 ) -23.1 (0.9) -21.9 (1.0) -30.4 (0.8) 
50009 -18.7 (1.1 ) -21.2 (0.7) -22.5 (0.9) -34.1 (0.6) 
50017 -17.9 (1.1) -20.5 (0.6) -20.0 (0.9) -32.6 (0.6) 
50028 -17.4 (1.1) -19.8 (0.6) -19.3 (0.9) -31.2 (0.6) 
50030 -21.6 (1.1 ) -21.0 (0.9) -20.8 (0.9) -31.9 (0.7) 
50032 -21.4 (1.1 ) -19.2 (0.6) -18.9 (0.9) -32.0 (0.6) 
50034 -14.8 (1.1 ) -21.5 (1.0) -21.0 (0.9) -32.3 (0.6) 
50037 -13.4 (1.1 ) -20.9 (0.6) -19.4 (0.9) -32.9 (0.6) 
50049 -18.2 (1.1 ) -21.8 (1.5) -20.8 (1.5) -34.9 (1.4) 
51016 -24.3 (1.1 ) -20.7 (0.6) -23.5 (0.9) -33.9 (0.8) 
51023 -21.7 (1.1) -21.5 (1.0) -21.9 (0.9) -33.0 (0.8) 
51033 -20.6 (1.1 ) -20.1 (0.9) -20.7 (1.0) -32.9 (0.8) 
Females 50003 -16.2 (1.1 ) -20.7 (0.6) -20.6 (0.9) -32.1 (0.8) 
50010 -15.3 (1.1 ) -19.8 (0.9) -21.0 (0.6) -31.4 (0.6) 
50036 -15.8 (1.1 ) -19.5 (0.9) -19.0 (0.6) -30.9 (0.8) 
50041 -17.2 (1.1 ) 
-20.8 (0.9) -20.8 (0.9) -31.0 (0.6) 
80043 -14.7 (1.1) -21.7 (0.7) -21.1 (0.9) -33.9 (0.8) 
80048 -20.2 (1.1) 
-21.0 (0.7) -20.1 (0.9) -30.8 (0.7) 
50052 -14.5 (1.1) 
-21.4 (1.7) -17.4 (0.9) -34.0 (1.4) 
80058 -16.8 (1.1) 
-20.6 (0.9) -20.0 (0.9) -31.0 (0.8) 
50061 -17.7 (1.1 ) -20.1 (1.0) -21.6 (0.9) -31.1 (0.8) 
50069 -18.2 (1.1 ) -21.1 (0.6) -21.0 (0.9) -33.7 (0.8) 
50071 -15.0 (1.1) -18.7 (0.6) -19.1 (0.9) -32.0 (0.6) 
50078 -22.6 (1.1 ) 
-20.5 (0.7) -19.8 (0.9) -33.9 (0.9) 
50079 -16.7 (1.1 ) 
-22.5 (0.6) -20.8 (0.9) -34.6 (0.6) 
81017 -20.5 (1.3) 
-22.9 (0.9) -21.4 (0.9) -31.0 (0.7) 
80046 -19.5 (1.1) -20.1 (1.7) -18.8 (0.9) -32.3 (0.8) 
50066 -17.4 (1.1 ) -22.4 (1.0) -21.6 (0.6) -32.0 (0.8) 
Juveniles 81022 -18.2 (1.1) 
-20.0 (0.6) -20.3 (0.9) -32.0 (0.8) 
50027 -15.3 (1.1 ) 
-25.0 (1.7) -19.8 (2.1 ) -29.6 (0.8) 
80088 -16.0 (1.1) -21.6 (1.3) -18.5 (0.9) -32.4 (0.6) 
51003 -13.8 (1.1 ) -25.0 (0.9) -19.4 (1.0) -32.9 (0.6) 
51005 -12.4 (1.1 ) -20.3 (1.0) -19.6 (0.9) -32.8 (0.7) 
81006 -14.5 (1.1 ) -22.8 (1.0) -20.1 (0.9) -29.0 (1.4) 
81020 -16.7 (1.1 ) 
-19.9 (1.0) -19.5 (0.9) -32.6 (1.1 ) 
81022 -25.7 (1.1 ) 
-21.8 (0.7) -21.6 (0.9) -34.6 (0.7) 
81025 -16.6 (1.1 ) 
-17.5 (0.7) -17.8 (O.g) -30.3 (0.6) 
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Sample Skeleton Bone Bone Bone Bone Number glutamate proline hydroxyproline leucine 
S1036 -18.5 (1.1 ) -20.1 (0.9) -18.7 (0.9) -31.4 (0.6) 
S1040 -17.5 (1.5) -26.1 (0.7) -19.9 (1.0) -31.4 (0.7) 
S1048 -15.0 (1.1 ) -19.7 (1.0) -18.5 (0.9) -30.8 (0.6) 
S1058 -15.3 (1.1 ) -28.7 (0.9) -20.3 (0.7) -32.3 (0.6) 
S1009 -25.2 (1.1 ) -20.9 (1.0) -17.3 (0.9) -33.3 (0.6) 
S1038 -17.5 (1.1 ) -19.9 (1.3) -21.5 (0.9) -34.6 (1.4) 
Group B UCT5234 -6.9 (1.1 ) -9.4 (0.9) -7.0 (1.0) -20.5 (0.8) 
UCT5217 -6.4 (1.1 ) -8.5 (0.7) -5.7 (0.9) -18.4 (0.7) 
UCT5181 -10.4 (1.1 ) -13.4 (0.9) -11.7 (1.0) -22.6 (0.7) 
UCT5605 -12.0 (1.1 ) -14.3 (0.9) -13.2 (0.9) -23.7 (0.7) 
UCT5200 -12.9 (0.8) -18.6 (0.6) -15.9 (0.8) -27.2 (0.7) 
UCT5180 -13.4 (1.1 ) -15.2 (0.9) -13.1 (1.0) -22.8 (0.7) 
UCT5185 -14.0 (1.1 ) -13.4 (0.9) -12.2 (0.6) -22.0 (1.1 ) 
UCT5233 -6.9 (1.1 ) -11.4 (1.0) -9.7 (0.9) -20.1 (1.7) 
UCT5210 -6.4 (1.1 ) -12.7 (0.6) -9.4 (0.6) -20.6 (0.8) 
UCT5213 -6.6 (1.1 ) -11.6 (0.9) -9.3 (0.7) -20.0 (0.7) 
UCT5214 -7.4 (1.1 ) -11.4 (0.9) -9.7 (0.6) -18.8 (0.8) 
UCT5215 -8.1 (0.8) -10.8 (0.6) -11.3 (0.7) -20.1 (0.9) 
UCT7402 -4.3 (1.1 ) -9.4 (0.7) -7.6 (0.9) -17.1 (0.6) 
UCT7412 -6.2 (1.1 ) -11.7 (0.6) -9.3 (0.9) -17.2 (0.8) 
UCT1683 -14.5 (1.1 ) -16.6 (1.0) -14.0 (0.9) -27.7 (0.7) 
UCT1744 -15.3 (1.1 ) -15.1 (0.6) -18.0 (0.9) -26.2 (0.6) 
UCT1691 -15.7 (1.1 ) -15.7 (0.7) -13.5 (0.9) -25.9 (1.7) 
UCT1756 -15.1 (1.1 ) 
-16.7 (0.7) -14.4 (0.9) -28.1 (0.6) 
UCT1684 -13.6 (1.1 ) -16.0 (0.7) -14.0 (0.9) -26.2 (1.1 ) 
UCT1093 -14.4 (1.1 ) -20.4 (1.7) -15.4 (1.7) -26.7 (1.6) 
UCT1747A -11.1 (1.1 ) -14.4 (4.4) -12.6 (0.9) -24.1 (0.9) 
UCT1748 -11.3 (1.1 ) -12.8 (0.7) -14.2 (0.9) -24.1 (1.1 ) 
UCT1751 -10.9 (1.1 ) 
-12.5 (0.6) -14.5 (0.9) -23.0 (0.8) 
UCT1746 -6.3 (1.1) -9.2 (0.7) -11.6 (0.9) -22.0 (0.7) 
UCT1741A -7.4 (1.1) 
-10.5 (0.7) -8.3 (0.9) -18.6 (0.6) 
UCT1750 -10.4 (1.1) -13.3 (0.6) -11.2 (0.9) -21.1 (0.6) 
UCT7407 0.7 (1.1 ) -4.9 (0.9) -5.0 (0.9) -17.5 (0.9) 
UCT5668 -15.1 (1.1) -17.2 (0.6) -14.6 (0.9) -30.3 (0.8) 
UCT5667 -13.5 (1.1) -17.3 (1.2) -15.3 (0.9) -26.5 (0.6) 
UCT2100 -12.4 (1.1) -17.4 (1.7) -13.4 (0.9) -24.5 (0.7) 
Seal UCT7454 -8.7 (1.1 ) -12.8 (0.9) -11.7 (0.7) -25.0 (0.8) 
Seal UCT7475 -9.1 (1.1 ) -12.3 (1.2) -11.3 (0.9) -24.2 (0.6) 
Whale UCT788 -5.7 (1.1 ) -12.6 (0.7) -9.5 (0.9) -21.9 (0.7) 
Whale UCT1920 -6.1 (1.1 ) -15.9 (0.6) -13.4 (0.9) -24.6 (0.7) 
Buffalo UCTS003 -5.9 (1.1 ) -10.4 (0.6) -8.7 (0.9) -23.7 (0.8) 
Buffalo UCT5014 -4.2 (1.1 ) -9.6 (0.6) -9.6 (0.9) -25.6 (0.6) 
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Sample Skeleton Bone Bone Bone Bone Number glutamate proline hydroxyproline leucine 
Steenbok UCT2161 -10.9 (1.1 ) -16.2 (1.5) -14.0 (0.9) -29.5 (0.6) 
Steenbok UCT2163 -10.9 (1.1 ) -16.2 (0.7) -13.4 (0.9) -29.3 (0.9) 
Sheep UCT2137 -10.5 (1.1 ) -13.9 (0.6) -13.1 (0.9) -26.3 (0.7) 
Sheep UCT2138 10.9 (1.1 ) -15.9 (0.9) -13.4 (0.9) -29.0 (0.7) 
Sheep UCT2141 -11.8 (1.1 ) -18.5 (0.7) -15.8 (0.9) -29.9 (0.9) 
Rock hyrax UCT61(1) -12.4 (1.1 ) -17.4 (0.9) -14.3 (0.9) -29.0 (0.9) 
Rock hyrax UCT61 (2) -10.8 (1.1) -15.9 (0.6) -13.7 (0.9) -30.1 (0.7) 
Tortoise UCT2056 -17.5 (1.1 ) -20.4 (0.7) -19.1 (0.9) -30.7 (0.8) 
Tortoise UCT2057 -16.6 (1.1 ) -21.2 (0.7) -16.7 (0.9) -29.0 (0.9) 
Tortoise UCT3382 -14.0 (1.1 ) -18.2 (0.9) -16.6 (0.9) -31.7 (0.7) 
Tortoise UCT3383 -13.8 (1.1 ) -17.9 (0.7) -16.5 (0.9) -31.6 (1.4) 
Group C MK8_54 -14.3 (1.1 ) -13.6 (0.9) -12.7 (0.7) -25.5 (0.8) 
MK8-55 -11.7 (1.1 ) -14.2 (1.0) -14.0 (1.0) -25.3 (0.8) 
MK8-56 -14.0 (1.1 ) -14.4 (0.9) -13.2 (1.0) -25.7 (0.7) 
MK8-57 -13.0 (0.8) -13.9 (0.6) -12.8 (0.8) -23.1 (0.9) 
MK8-58 -15.1 (1.1) -15.4 (0.9) -13.7 (0.9) -28.5 (0.6) 
TB12-4 -19.6 (1.1 ) -18.0 (0.9) -16.9 (0.6) -28.5 (0.8) 
TB12-6 -16.1 (1.1 ) -15.8 (0.9) -15.0 (0.9) -27.6 (0.7) 
TB12-139 -14.8 (1.1 ) -15.6 (0.6) -16.0 (1.0) -25.5 (0.7) 
TB12-164 -9.1 (1.1 ) -14.1 (0.9) -14.0 (0.6) -29.2 (0.7) 
TB12-169 -16.1 (1.1 ) -16.5 (0.9) -16.1 (0.6) -28.0 (0.8) 
TU2-207 -13.8 (1.1 ) -12.4 (0.7) -12.4 (0.9) -25.8 (0.7) 
UU1A -9.9 (1.1 ) -11.2 (0.9) -10.4 (0.9) -23.2 (0.7) 
UU1B -18.7 (1.1 ) -23.1 (0.6) -22.4 (0.9) -35.1 (0.8) 
UU1C -12.2 (1.1) -13.6 (1.2) -10.6 (0.9) -29.5 (0.6) 
UU3-14 -4.8 (1.1) -16.0 (1.2) -11.1 (0.9) -24.2 (0.7) 
Sheep TB12-139 -12.4 (1.1 ) -12.8 (0.9) -11.2 (0.9) -25.1 (0.8) 
Cow TB12-14 -12.7 (1.1 ) -12.7 (0.9) -10.5 (0.9) -24.0 (0.7) 
Chicken MK7-102 -13.4 (1.1 ) -14.9 (0.7) -14.8 (0.9) -25.0 (0.6) 
Chicken TB12-201 -15.0 (1.1 ) -14.0 (0.6) -14.7 (0.9) -24.5 (0.9) 
Sykes monkey TU7-720 -16.1 (1.1 ) -18.9 (1.3) -18.7 (0.9) -30.5 (0.7) 
Ougong MK7-122 -10.9 (1.1) -4.5 (0.6) 0.5 (0.9) -7.2 (1.2) 
Group D 
Seal ion 02 -7.3 (1.1) -13.3 (0.9) -12.0 (0.8) -23.2 (0.8) 
Salmon 038 -19.0 (1.1) -14.9 (0.9) -17.2 (0.7) -25.4 (0.8) 
Salmon 042 -7.6 (1.1 ) -15.6 (0.9) -15.0 (1.3) -24.7 (1.6) 
Salmon 041 -11.4 (1.1 ) -18.3 (0.9) -16.1 (1.0) -28.2 (0.6) 
Deer 01 -19.5 (0.9) -20.9 (1.0) -21.9 (1.2) -33.5 (0.7) 
Deer 016 -16.4 (1.1 ) -20.4 (0.9) -22.9 (1.0) -32.2 (0.9) 
Deer 025 -18.7 (0.8) -19.7 (0.6) -22.0 (0.9) -30.4 (0.8) 
Dog 03 -9.3 (0.8) -13.1 (0.7) -11.7 (0.9) -25.5 (0.7) 
Dog 04 -6.8 (1.1 ) -13.4 (0.6) -12.4 (0.7) -22.0 (0.7) 
Dog 06 -6.6 (1.1 ) -14.7 (1.3) -12.3 (1.5) -23.1 (0.8) 
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Table Al.4. Bone collagen isoleucine, threonine, valine and phenylalanine S13C values of human 
and faunal samples from Groups A-D. 
Sample Skeleton Bone Bone Bone Bone Number isoleucine threonine valine phenylalanine 
Group A 50002 n.d. -14.0 (1.0) -25.6 (1.3) -25.7 (0.9) 
Males 50004 -22.3 (0.7) -15.8 (1.6) -34.0 (2.1 ) -23.9 (0.8) 
50007 n.d -15.8 (1.2) -31.1 (0.9) -22.1 (0.7) 
50009 -21.3 (0.8) -21.7 (1.6) -28.6 (0.9) -23.6 (0.9) 
50017 -21.6 (1.9) -23.3 (0.9) -33.4 (2.1 ) -24.2 (0.7) 
50028 -18.2 (0.6) -22.9 (1.0) -31.3 (0.7) -22.6 (0.5) 
50030 -17.2 (1.9) -19.6 (1.0) -26.2 (1.5) -24.9 (0.7) 
50032 -18.3 (1.1) -24.3 (1.2) -32.8 (1.0) -21.3 (0.6) 
50034 -26.5 (1.7) -21.5 (1.8) -33.4 (1.2) -22.9 (0.7) 
50037 -16.3 (0.8) -23.2 (2.4) -35.2 (0.7) -22.3 (0.8) 
50049 n.d -21.2 (1.0) -29.6 (0.7) -27.3 (0.7) 
51016 -16.4 (3.9) -21.0 (1.6) -29.3 (1.0) -25.7 (0.6) 
51023 -15.6 (0.8) -19.4 (2.1) -32.5 (1.0) -22.8 (0.7) 
51033 n.d -24.9 (1.0) -30.1 (0.6) -20.6 (0.7) 
Females 50003 n.d -18.0 (1.2) -32.5 (1.7) -20.9 (0.7) 
50010 n.d -16.4 (0.8) -33.0 (0.7) -19.0 (0.6) 
50036 n.d n.d -32.8 (1.0) -19.2 (0.7) 
50041 n.d -24.5 (1.2) -33.2 (0.9) -18.6 (0.6) 
50043 n.d -21.6 (1.2) -33.0 (0.9) -21.6 (0.6) 
50048 n.d n.d n.d -23.0 (1.3) 
50052 n.d 
-20.8 (1.0) n.d -27.8 (0.8) 
50058 n.d 
-16.9 (3.1 ) -32.4 (0.7) -21.2 (0.5) 
50061 n.d n.d n.d -23.8 (0.7) 
50069 n.d n.d n.d -22.8 (0.7) 
50071 n.d 
-16.6 (1.0) -30.0 (1.3) -20.5 (0.8) 
50078 n.d n.d n.d -21.9 (0.5) 
50079 -17.6 (1.1 ) -21.5 (1.4) -32.2 (1.4) -22.5 (0.5) 
51017 n.d n.d -27.1 (0.9) -23.3 (0.8) 
50046 -18.8 (2.6) -24.4 (1.8) -32.0 (1.0) -19.3 (0.5) 
50066 n.d -15.1 (1.2) -27.9 (0.6) -22.8 (0.7) 
Juveniles 51022 -22.5 (1.4) -26.9 (1.2) -33.2 (0.9) -23.5 (0.6) 
50027 n.d. -25.3 (1.0) -32.7 (2.7) -21.3 (1.3) 
50088 -22.2 (0.8) -22.7 (2.1 ) -32.3 (0.9) -22.1 (0.7) 
51003 n.d. -22.4 (1.2) -30.7 (0.9) -20.4 (0.7) 
51005 -24.9 (5.0) -27.1 (0.8) -33.7 (0.6) -23.5 (0.8) 
51006 -27.5 (2.3) -27.2 (1.2) -36.2 (0.9) -22.4 (0.5) 
51020 -17.6 (0.9) -21.5 (5.3) -31.4 (1.2) -23.1 (0.5) 
51022 -27.9 (0.6) -23.5 (1.8) -31.8 (2.7) -24.4 (0.7) 
51025 -13.9 (0.7) -23.6 (0.9) -35.2 (1.7) -23.9 (0.8) 
51036 -16.5 (1.7) -20.5 (1.6) -31.2 (2.1 ) -22.9 (0.7) 
51040 n.d. -21.8 (1.6) -28.6 (0.7) -20.9 (0.9) 
51048 -23.2 (1.1) -25.6 (1.4) -33.6 (2.3) -20.9 (1.0) 
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Sample Skeleton Bone Bone Bone Bone Number isoleucine threonine valine phenylalanine 
51058 -25.6 (1.3) -23.1 (1.4) -32.1 (0.9) -22.2 (0.7) 
51009 -13.7 (1.1 ) -17.0 (1.4) -31.4 (2.3) -15.8 (1.0) 
51038 n.d. -16.9 (3.7) -27.0 (2.5) -22.8 (0.9) 
Group B UCT5234 -22.1 (0.8) -2.5 (0.9) -20.9 (1.3) -12.8 (0.7) 
UCT5217 -20.9 (0.9) -8.7 (0.9) -18.9 (1.0) -12.3 (0.8) 
UCT5181 -13.4 (1.2) -2.2 (1.2) -24.8 (0.9) -16.7 (0.7) 
UCT5605 -11.5 (0.9) -16.3 (0.9) -18.5 (0.9) -15.5 (0.7) 
UCT5200 -19.5 (1.6) -10.8 (1.2) -26.7 (12.6) -16.7 (0.6) 
UCT5180 -16.3 (0.9) -2.1 (1.4) -15.1 (0.9) -19.2 (0.7) 
UCT5185 -21.4 (0.8) -13.9 (1.2) -16.8 (0.6) -16.0 (0.7) 
UCT5233 -15.2 (0.6) -2.3 (0.9) -7.7 (0.9) -17.8 (0.6) 
UCT5210 -14.9 (0.8) -5.4 (1.2) -30.4 (0.9) -15.1 (0.7) 
UCT5213 -15.6 (0.9) 2.5 (1.6) -20.8 (0.9) -17.9 (0.7) 
UCT5214 -16.1 (0.8) 1.5 (1.2) -18.5 (0.9) -18.5 (0.6) 
UCT5215 -21.8 (0.8) -0.6 (2.4) -24.3 (0.7) -16.0 (0.9) 
UCT7402 -24.0 (0.8) -19.0 (2.1 ) -20.2 (0.7) -16.0 (0.6) 
UCT7412 -17.9 (0.8) -0.7 (1.0) -18.0 (0.7) -16.6 (0.9) 
UCT1683 -26.3 (0.9) -27.6 (1.8) -12.5 (0.9) -20.8 (0.8) 
UCT1744 -13.3 (1.2) -2.9 (0.9) -10.5 (0.9) -19.9 (0.6) 
UCT1691 -14.6 (0.8) -12.4 (0.9) -22.0 (1.0) -18.6 (0.5) 
UCT1756 -18.4 (0.7) 2.8 (1.2) -29.0 (1.7) -18.6 (0.5) 
UCT1684 -28.5 (0.8) -16.6 (1.0) -24.6 (1.2) -20.2 (0.7) 
UCT1093 -9.8 (0.6) -14.0 (0.9) -27.9 (0.6) -19.4 (0.7) 
UCT1747A -24.8 (0.7) -2.9 (1.2) -20.5 (1.0) -16.5 (1.0) 
UCT1748 -21.4 (0.8) -7.3 (2.1) -31.0 (0.6) -19.0 (0.5) 
UCT1751 -13.3 (0.6) -1.6 (1.4) -25.0 (1.0) -16.1 (0.7) 
UCT1746 -17.7 (0.6) 3.4 (0.9) -13.2 (0.9) -14.8 (0.5) 
UCT1741A -32.4 (0.6) 2.6 (1.2) -20.0 (0.9) -15.7 (0.6) 
UCT1750 -24.7 (1.7) 7.5 (10) -8.9 (0.9) -16.9 (0.8) 
UCT7407 -12.8 (0.6) 3.0 (1.8) -16.9 (0.9) -6.1 (0.7) 
UCT5668 -12.8 (1.4) -16.4 (1.2) -27.4 (0.9) -19.9 (0.9) 
UCT5667 -30.3 (0.8) -30.5 (2.6) -24.8 (1.2) -20.6 (0.8) 
UCT2100 -25.7 (0.9) -2.8 (1.2) -27.0 (0.9) -19.6 (0.7) 
Seal UCT7454 -27.5 (1.7) -3.4 (1.2) -16.8 (1.2) -16.3 (0.7 
Seal UCT7475 -23.1 (1.4) -3.4 (1.2) -19.7 (1.0) -18.2 (1.0) 
Whale UCT 788 -32.3 (1.2) -S.1 (2.1) -35.0 (3.5) -17.2 (0.7) 
Whale UCT 1920 -3S.7 (0.7) -7.3 (2.4) -25.6 (0.7) -20.S (0.8) 
Buffalo UCT 5003 -11.0 (0.8) -4.9 (1.0) -30.8 (0.6) -14.7 (1.0) 
Buffalo UCT S014 -12.0 (0.7) -6.9 (1.0) -12.9 (1.3) -13.8 (0.5) 
Steenbok UCT 2161 -32.8 (0.7) -23.7 (1.6) -31.1 (0.7) -19.4 (0.9) 
Steenbok UCT 2163 -27.2 (1.1 ) -26.5 (1.6) -31.3 (1.0) -20.0 (0.5) 
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Sample Skeleton Bone Bone Bone Bone Number isoleucine threonine valine phenylalanine 
Sheep UCT 2137 -20.4 (1.7) -19.9 (1.0) -27.9 (0.9) -17.3 (0.5) 
Sheep UCT 2138 -18.6 (1.2) -16.4 (1.2) n.d. -19.8 (0.8) 
Sheep UCT 2141 -32.9 (0.9) -22.7 (2.4) -33.4 (1.0) -21.2 (0.5) 
Rock hyrax UCT 61(1) -32.5 (0.6) -17.0 (0.8) -29.6 (0.9) -20.8 (0.5) 
Rock hyrax UCT 61(2) -31.5 (1.1 ) -21.3 (1.2) -33.8 (1.2) -18.7 (0.8) 
Tortoise UCT 2056 -25.1 (0.9) -7.4 (0.9) -16.9 (0.7) -22.0 (0.8) 
Tortoise UCT 2057 n.d. -12.9 (2.6) -40.3 (1.7) -20.8 (0.5) 
Tortoise UCT3382 -20.1 1.1 -10.9 1.0 -33.3 0.6 -20.8 0.7 
Tortoise UCT 3383 -27.7 0.8 -10.6 2.6 -37.7 11.4 -21.2 0.7 
Group C MK8_54 -18.6 (0.8) -7.4 (1.3) -33.1 (1.0) -18.9 (0.7) 
MK8-55 -20.9 (0.9) -6.1 (1.2) -34.8 (0.9) -21.7 (0.5) 
MK8-56 -20.4 (0.7) -4.9 (1.2) -32.5 (0.9) -19.1 (0.7) 
MK8-57 n.d. -7.8 (1.2) -31.0 (1.0) -18.5 (0.6) 
MK8-58 n.d. -11.9 (1.2) -24.8 (0.9) -17.3 (0.8) 
TB12-4 n.d. 2.1 (1.2) -19.6 (0.9) -21.1 (0.8) 
TB12-6 n.d. -2.6 (1.3) -28.4 (0.9) -20.3 (0.6) 
TB12-139 n.d. -6.5 (1.2) -28.0 (1.7) -16.6 (0.7) 
TB12-164 n.d. 
-10.4 (1.2) -12.3 (0.7) -15.9 (0.6) 
TB12-169 n.d. -4.8 (1.2) -10.6 (0.7) -19.4 (0.7) 
TU2-207 n.d. -5.4 (1.6) -27.3 (0.9) -15.1 (0.8) 
UU1A n.d. 1.5 (0.9) -11.1 (0.9) -14.3 (1.2) 
UU1B n.d. -17.6 (2.4) -27.0 (1.3) -21.2 (0.6) 
UU1C n.d. -11.8 (0.9) -16.7 (1.0) -16.2 (0.6) 
UU3-14 n.d. 
-13.6 (1.4) -38.7 (1.9) -13.3 (0.5) 
Sheep TB12-139 n.d. 
-5.5 (1.0) -16.7 (0.7) -16.8 (0.5) 
Cow TB12-14 n.d. 
-0.5 (1.2) -18.5 (1.3) -16.1 (0.8) 
Chicken MK7-102 n.d. 
-9.6 (1.2) -30.6 (0.6) -18.9 (0.6) 
Chicken TB12-201 n.d. 
-5.8 (1.0) -5.9 (0.9) -14.1 (0.8) 
Sykes monkey TU7-720 n.d. 
-13.8 (1.2) -33.4 (0.9) -20.6 (0.6) 
Ougong MK7-122 n.d. 
-2.0 (0.9) -10.6 (0.7) -7.3 (1.0) 
Group D 
Sea lion 02 -15.2 (0.8) -14.3 (1.2) -17.1 (0.9) -16.6 (0.7) 
Salmon 038 -21.9 (0.8) -24.5 (1.2) -26.7 (0.9) -19.0 (0.8) 
Salmon 042 -22.5 (0.8) -23.3 (2.1) -27.6 (1.7) -21.5 (0.8) 
Salmon 041 -18.6 (0.8) -14.5 (1.2) -33.1 (0.9) -21.6 (0.7) 
Deer 01 -24.9 (0.9) -13.4 (2.6) -31.9 (1.2) -23.9 (0.6) 
Deer 016 -22.8 (0.8) -23.3 (1.6) -32.7 (0.9) -22.8 (0.6) 
Deer 025 -22.0 (0.6) -21.2 (0.9) -33.4 (1.3) -23.1 (0.6) 
Dog 03 -17.3 (0.8) 0.5 (1.2) -25.4 (2.1 ) -18.4 (0.7) 
Dog 04 -20.7 (2.4) -4.0 (1.2) -23.0 (0.9) -16.4 (0.7) 
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Table A4.1. Predicted long-term whole diet 013C values from Equations 4.1 (Tieszen and Fagre, 
1993), 4.2 (Ambrose and NOIT, 1993), 4.3 (Howland, 2003), and 4.4 (Howland, 2003 ), for Groups 
A-D. 
Sample Skeleton Equation 4.1 Equation 4.2 Equation 4.3 Equation 4.4 Number 
Group A SOO02 -23.3 -23.8 -24.0 -24.4 
Males SOO04 -23.0 -23.5 -23.7 -24.1 
SOO07 -22.6 -23.1 -23.3 -23.7 
SOO09 -22.3 -22.8 -23.0 -23.4 
SOO17 -22.5 -23.0 -23.2 -23.6 
S0028 -22.5 -23.0 -23.2 -23.6 
S0030 -23.0 -23.5 -23.7 -24.1 
S0032 -22.8 -23.3 -23.5 -23.9 
SOO34 -22.1 -22.6 -22.8 -23.2 
S0037 -22.9 -23.4 -23.6 -24.0 
S0049 n.d. n.d. n.d. n.d. 
S1016 -24.2 -24.7 -24.9 -25.3 
S1023 -23.9 -24.4 -24.6 -25.0 
S1033 -23.4 -23.9 -24.1 -24.5 
Females SOO03 n.d. n.d. n.d. n.d. 
S0010 n.d. n.d. n.d. n.d. 
50036 -22.8 -23.3 -23.5 -23.9 
S0041 -22.8 -23.3 -23.5 -23.9 
S0043 -21.7 -22.2 -22.4 -22.8 
S0048 -23.2 -23.7 -23.9 -24.3 
S0052 n.d. n.d. n.d. n.d. 
SOO58 -23.1 -23.6 -23.8 -24.2 
S0061 -22.0 -22.5 -22.7 -23.1 
S0069 -22.5 -23.0 -23.2 -23.6 
S0071 -22.7 -23.2 -23.4 -23.8 
S0078 -22.7 -23.2 -23.4 -23.8 
S0079 -21.9 -22.4 -22.6 -23.0 
51017 -24.4 -24.9 -25.1 -25.5 
S0046 -21.8 -22.3 -22.5 -22.9 
50066 -21.9 -22.4 -22.6 -23.0 
Juveniles 51022 -22.1 -22.6 -22.8 -23.2 
50027 -22.4 -22.9 -23.1 -23.5 
S0088 -22.8 -23.3 -23.5 -23.9 
S1003 -23.1 -23.6 -23.8 -24.2 
S1005 
-21.9 -22.4 -22.6 -23.0 
51006 -21.8 -22.3 -22.5 -22.9 
51020 -23.2 -23.7 -23.9 -24.3 
51022 -21.9 -22.4 -22.6 -23.0 
51025 -22.6 -23.1 -23.3 -23.7 
51036 -22.9 -23.4 -23.6 -24.0 
51040 -21.8 -22.3 -22.5 -22.9 
51048 -22.1 -22.6 -22.8 -23.2 
51058 -22.8 -23.3 -23.5 -23.9 
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Sample Skeleton Equation 4.1 Equation 4.2 Equation 4.3 Equation 4.4 Number 
S1009 -22.2 -22.7 -22.9 -23.3 
S1038 -21.9 -22.4 -22.6 -23.0 
GroupB UCTS234 -17.8 -18.3 -18.S -18.9 
UCTS217 -17.6 -18.1 -18.3 -18.7 
UCTS181 -20.4 -20.9 -21.1 -21.S 
UCT560S n.d. n.d. n.d. n.d. 
UCT5200 -19.6 -20.1 -20.3 -20.7 
UCTS180 -21.4 -21.9 -22.1 -22.5 
UCT5185 n.d. n.d. n.d. n.d. 
UCT5233 -17.0 -17.5 -17.7 -18.1 
UCTS210 -17.3 -17.8 -18.0 -18.4 
UCT5213 -16.7 -17.2 -17.4 -17.8 
UCTS214 -17.5 -18.0 -18.2 -18.6 
UCT5215 -18.1 -18.6 -18.8 -19.2 
UCT7402 n.d. n.d. n.d. n.d. 
UCT7412 n.d. n.d. n.d. n.d. 
UCT1683 -22.5 -23.0 -23.2 -23.6 
UCT1744 -21.3 -21.8 -22.0 -22.4 
UCT1691 n.d. n.d. n.d. n.d. 
UCT1756 -21.5 -22.0 -22.2 -22.6 
UCT1684 n.d. n.d. n.d. n.d. 
UCT1093 n.d. n.d. n.d. n.d. 
UCT1747A -20.2 -20.7 -20.9 -21.3 
UCT1748 -20.0 -20.S -20.7 -21.1 
UCT1751 -19.2 -19.7 -19.9 -20.3 
UCT1746 -18.2 -18.7 -18.9 -19.3 
UCT1741A n.d. n.d. n.d. n.d. 
UCT1750 n.d. n.d. n.d. n.d. 
UCT7407 n.d. n.d. n.d. n.d. 
UCT5668 n.d. n.d. n.d. n.d. 
UCT5667 n.d. n.d. n.d. n.d. 
UCT2100 n.d. n.d. n.d. n.d. 
Seal UCT7454 n.d. n.d. n.d. n.d. 
Seal UCT7475 n.d. n.d. n.d. n.d. 
Whale UCT788 n.d. n.d. n.d. n.d. 
Whale UCT1920 n.d. n.d. n.d. n.d. 
Buffalo UCTS003 n.d. n.d. n.d. n.d. 
Buffalo UCT5014 n.d. n.d. n.d. n.d. 
Steenbok UCT2161 n.d. n.d. n.d. n.d. 
Steenbok UCT2163 n.d. n.d. n.d. n.d. 
Sheep UCT2137 n.d. n.d. n.d. n.d. 
Sheep UCT2138 n.d. n.d. n.d. n.d. 
Sheep UCT2141 n.d. n.d. n.d. n.d. 
Rock Hyrax UCT61(1) n.d. n.d. n.d. n.d. 
Rock Hyrax UCT61(2) n.d. n.d. n.d. n.d. 
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Sample Skeleton Equation 4.1 Equation 4.2 Equation 4.3 Equation 4.4 Number 
Tortoise UCT2056 n.d. n.d. n.d. n.d. 
Tortoise UCT2057 n.d. n.d. n.d. n.d. 
Tortoise UCT3382 n.d. n.d. n.d. n.d. 
Tortoise UCT3383 n.d. n.d. n.d. n.d. 
Group C MKB_54 -21.1 -21.6 -21.B -22.2 
MKB-55 -20.4 -20.9 -21.1 -21.5 
MKB-56 -21.5 -22.0 -22.2 -22.6 
MKB-57 -20.1 -20.6 -20.8 -21.2 
MKB-58 -21.9 -22.4 -22.6 -23.0 
TB12-4 -1B.5 -19.0 -19.2 -19.6 
TB12-6 -19.4 -19.9 -20.1 -20.5 
TB12-139 n.d. n.d. n.d. n.d. 
TB12-164 n.d. n.d. n.d. n.d. 
TB12-169 n.d. n.d. n.d. n.d. 
TU2-207 -17.3 -17.8 -18.0 -18.4 
UU1A n.d. n.d. n.d. n.d. 
UU1B n.d. n.d. n.d. n.d. 
UU1C n.d. n.d. n.d. n.d. 
UU3-14 n.d. n.d. n.d. n.d. 
Sheep TB12-139 n.d. n.d. n.d. n.d. 
Cow TB12-14 n.d. n.d. n.d. n.d. 
Chicken MK7-102 n.d. n.d. n.d. n.d. 
Chicken TB12-201 n.d. n.d. n.d. n.d. 
Sykes monkey TU7-720 n.d. n.d. n.d. n.d. 
Dugong MK7-122 -10.6 -11.1 -11.3 -11.7 
Group D 
Sealion 02 n.d. n.d. n.d. n.d. 
Sealion 038 n.d. n.d. n.d. n.d. 
Salmon 042 n.d. n.d. n.d. n.d. 
Salmon 041 n.d. n.d. n.d. n.d. 
Deer 01 n.d. n.d. n.d. n.d. 
Deer 016 n.d. n.d. n.d. n.d. 
Deer 025 n.d. n.d. n.d. n.d. 
Dog 03 n.d. n.d. n.d. n.d. 
Dog 04 n.d. n.d. n.d. n.d. 
Dog D6 n.d. n.d. n.d. n.d. 
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Table A4.2. Predicted short-term dietary changes from Equation 4.5 (Jim. 2000). predicted protein 
cS13C values from Equation 4.6 (Jim. 2000). and predicted long-term whole diet S13C values from 
Equations 4.7 (Tieszen and Fagre. 1993) and 4.8 (Jim. 2000). for Groups A-D. 
Sample Skeleton Equation 4.5 Equation 4.6 Equation 4.7 Equation 4.8 Number 
Group A S0002 9.7 6.0 -24.3 -24.1 
Males S0004 9.5 6.9 -24.0 -23.8 
S0007 10.5 5.5 -23.6 -23.4 
S0009 9.5 8.0 -23.3 -23.1 
S0017 10.9 6.9 -23.4 -23.2 
S0028 9.0 6.7 -23.4 -23.2 
S0030 9.8 5.6 -23.9 -23.7 
S0032 12.0 7.1 -23.7 -23.5 
SOO34 9.1 8.0 -23.1 -22.8 
S0037 10.6 7.0 -23.9 -23.7 
S0049 n.d. n.d. n.d. n.d. 
S1016 8.1 4.3 -25.2 -25.1 
S1023 6.3 4.6 -24.9 -24.7 
S1033 8.1 5.2 -24.3 -24.1 
Females SOO03 n.d. n.d. n.d. n.d. 
S0010 n.d. n.d. n.d. n.d. 
SOO36 9.2 6.0 -23.7 -23.5 
S0041 9.5 6.6 -23.7 -23.5 
S0043 10.2 7.9 -22.6 -22.3 
SOO48 9.4 4.8 -24.1 -23.9 
S0052 n.d. n.d. n.d. n.d. 
SOO58 8.6 5.8 -24.1 -23.9 
S0061 10.6 6.4 -22.9 -22.7 
S0069 9.9 7.7 -23.5 -23.3 
S0071 9.4 5.6 -23.7 -23.5 
S0078 9.7 6.1 -23.7 -23.5 
S0079 12.1 6.9 -22.8 -22.6 
S1017 7.8 3.7 -25.4 -25.3 
S0046 10.2 8.7 -22.7 -22.4 
SOO66 11.9 7.3 -22.8 -22.6 
Juveniles S1022 7.2 8.7 -23.0 -22.8 
S0027 9.1 8.4 -23.3 -23.1 
SOO88 6.2 7.4 -23.7 -23.5 
S1OO5 5.9 7.5 -22.8 -22.6 
S1OO6 7.7 7.5 -22.7 -22.5 
S1020 6.6 5.3 -24.2 -24.0 
S1022 8.3 8.7 -22.8 -22.6 
S1025 11.2 n.d. 
-23.5 -23.3 
S1036 7.2 n.d. 
-23.8 -23.6 
51040 8.9 6.9 
-22.7 -22.5 
51048 8.1 6.7 -23.0 -22.8 
51058 9.2 4.9 
-23.8 -23.6 
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Sample Skeleton Equation 4.5 Equation 4.6 Equation 4.7 Equation 4.8 Number 
S1009 10.5 6.5 -23.2 
-22.9 
S1038 6.8 6.3 -22.8 -22.6 
Group B UCT5234 n.d. 3.4 -18.6 -18.2 
UCT5217 n.d. 3.0 -18.3 -18.0 
UCT5181 n.d. 2.8 -21.3 -21.0 
UCT5605 n.d. n.d. n.d. n.d. 
UCT5200 n.d. 6.1 -20.4 -20.1 
UCT5180 n.d. 3.9 -22.3 -22.1 
UCT5185 n.d. n.d. n.d. n.d. 
UCT5233 n.d. 4.0 -17.7 -17.4 
UCT5210 n.d. 4.1 -18.0 -17.7 
UCT5213 n.d. 3.4 -17.4 -17.1 
UCT5214 n.d. 3.0 -18.2 -17.9 
UCT5215 n.d. 2.6 -18.9 -18.6 
UCT7402 n.d. n.d. n.d. n.d. 
UCT7412 n.d. n.d. n.d. n.d. 
UCT1683 n.d. 4.4 -23.4 -23.2 
UCT1744 n.d. 3.7 -22.2 -22.0 
UCT1691 n.d. 
UCT1756 n.d. 3.6 -22.4 
-22.2 
UCT1684 n.d. n.d. . n.d. n.d. 
UCT1093 n.d. n.d. n.d. n.d. 
UCT1747A n.d. 1.1 -21.0 -20.8 
UCT1748 n.d. 1.5 -20.8 -20.6 
UCT1751 n.d. 1.5 -20.0 
-19.7 
UCT1746 n.d. 1.4 -19.0 -18.7 
UCT1741A n.d. n.d. n.d. n.d. 
UCT1750 n.d. n.d. n.d. n.d. 
UCT7407 n.d. n.d. n.d. n.d. 
UCT5668 n.d. n.d. n.d. n.d. 
UCT5667 n.d. n.d. n.d. n.d. 
UCT21 00 n.d. n.d. n.d. n.d. 
Seal UCT7454 n.d. n.d. n.d. n.d. 
Seal UCT7475 n.d. n.d. n.d. n.d. 
Whale UCT788 n.d. n.d. n.d. n.d. 
Whale UCT1920 n.d. n.d. n.d. n.d. 
Buffalo UCT5003 n.d. n.d. n.d. n.d. 
Buffalo UCT5014 n.d. n.d. n.d. n.d. 
Steenbok UCT2161 n.d. n.d. n.d. n.d. 
Steenbok UCT2163 n.d. n.d. n.d. n.d. 
Sheep UCT2137 n.d. n.d. n.d. n.d. 
Sheep UCT2138 n.d. n.d. n.d. n.d. 
Sheep UCT2141 n.d. n.d. n.d. n.d. 
Rock Hyrax UCT61(1) n.d. n.d. n.d. n.d. 
Rock Hyrax UCT61 (2) n.d. n.d. n.d. n.d. 
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Sample Skeleton Equation 4.5 Equation 4.6 Equation 4.7 Equation 4.8 Number 
Tortoise UCT2056 n.d. n.d. n.d. n.d. 
Tortoise UCT2057 n.d. n.d. n.d. n.d. 
Tortoise UCT3382 n.d. n.d. n.d. n.d. 
Tortoise UCT3383 n.d. n.d. n.d. n.d. 
Group C MKS_54 9.2 2.3 -22.0 -21.S 
MKS-55 10.5 3.S -21.3 -21.0 
MKS-56 9.S 2.9 -22.4 -22.2 
MKS-57 9.9 2.1 -20.9 -20.7 
MK8-58 9.5 2.5 -22.S -22.6 
TB12-4 13.0 6.4 -19.3 -19.0 
TB12-6 12.2 4.7 -20.2 -19.9 
TB12-139 n.d. n.d. n.d. n.d. 
TB12-164 n.d. n.d. n.d. n.d. 
TB12-169 n.d. n.d. n.d. n.d. 
TU2-207 11.3 4.2 -1S.0 -17.7 
UU1A n.d. 10.2 n.d. n.d. 
UU1B n.d. 20.3 n.d. n.d. 
UU1C n.d. 14.2 n.d. n.d. 
UU3-14 n.d. 14.6 n.d. n.d. 
Sheep TB12-139 n.d. n.d. n.d. n.d. 
Cow TB12-14 n.d. n.d. n.d. n.d. 
Chicken MK7-102 n.d. n.d. n.d. n.d. 
Chicken TB12-201 n.d. n.d. n.d. n.d. 
Sykes monkey TU7-720 n.d. n.d. n.d. n.d. 
Dugong MK7-122 4.3 0.4 -11.1 -10.6 
Group 0 D2 n.d. n.d. n.d. n.d. Seal ion 
Sea lion 038 n.d. n.d. n.d. n.d. 
Salmon 042 n.d. n.d. n.d. n.d. 
Salmon 041 n.d. n.d. n.d. n.d. 
Deer D1 n.d. n.d. n.d. n.d. 
Deer D16 n.d. n.d. n.d. n.d. 
Deer D25 n.d. n.d. n.d. n.d. 
Dog D3 n.d. n.d. n.d. n.d. 
Dog 04 n.d. n.d. n.d. n.d. 
Dog D6 n.d. n.d. n.d. n.d. 
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Table A4.l. Predicted long-term whole diet 013C values from Equations 4.9 (Jones. 2002). 4.10 
(Chapter 3), and 4.11 (Chapter 3) and predicted short-term whole diet 013C values from Equation 
4.12 (Jim, 2000), for Groups A-D. 
Sample Skeleton Equation 4.9 Equation 4.10 Equation 4.11 Equation 4.12 Number 
Group A 50002 -35.3 -24.3 -23.7 -20.9 
Males 50004 -30.9 -24.0 -23.5 -20.4 
50007 -26.8 -23.6 -23.2 -21.1 
50009 -28.9 -23.3 -22.9 -19.6 
50017 -28.2 -23.4 -23.0 -21.5 
50028 -27.7 -23.4 -23.0 -19.1 
50030 -31.6 -23.9 -23.5 -20.7 
50032 -31.5 -23.7 -23.3 -23.2 
50034 -25.3 -23.0 -22.7 -18.8 
50037 -24.0 -23.9 -23.4 -21.6 
50049 -28.5 n.d. n.d. 
-22.6 
51016 -34.2 -25.3 -24.6 -20.1 
51023 -31.7 -24.9 -24.3 -17.5 
51033 -30.7 -24.4 -23.8 -19.2 
Females 50003 -26.6 n.d. n.d. 
-20.1 
50010 -25.7 n.d. n.d. -22.4 
50036 -26.2 -23.7 -23.3 -19.8 
50041 -27.5 
-23.7 -23.3 -20.1 
50043 -25.2 
-22.5 -22.3 -19.6 
50048 -30.3 
-24.1 -23.6 -20.5 
50052 -25.0 n.d. n.d. 
-19.3 
50058 -27.2 
-24.1 -23.6 -19.5 
50061 -28.0 
-22.9 -22.6 -20.5 
50069 -28.5 
-23.5 -23.1 -20.4 
50071 -25.5 
-23.7 -23.2 -19.9 
50078 -32.6 
-23.7 -23.2 -20.3 
50079 -27.1 
-22.8 -22.5 -22.2 
51017 -30.6 
-25.5 -24.8 -20.0 
50046 -29.7 
-22.6 -22.4 -19.8 
50066 -27.7 
-22.8 -22.5 -22.0 
Juveniles 51022 -28.5 
-23.0 -22.7 -16.5 
50027 -25.7 





-24.1 -23.6 -22.1 
51005 -23.0 
-22.8 -22.5 -14.6 
51006 -25.0 























Al!R!ndix4 Predicted Diet and Bone Coml!Qnent a13c Valyu Vii Mmh!!Dlligl Modlll 
Sample Skeleton Equation 4.9 Equation 4.10 Equat\on 4.11 Equation 4.12 Number 
S1009 -35.0 -23.1 -22.8 -20.7 
S1038 -27.8 -22.8 -22.5 -15.7 
Group B UCT5234 -17.9 -18.4 -18.9 n.d. 
UCT5217 -17.4 -18.2 -18.7 n.d. 
UCT5181 -21.2 -21.2 -21.2 n.d. 
UCT5605 -22.7 n.d. n.d. n.d. 
UCT5200 -23.5 -20.3 -20.5 n.d. 
UCT5180 -24.0 -22.3 -22.1 n.d. 
UCT5185 -24.5 n.d. n.d. n.d. 
UCT5233 -17.9 -17.6 -18.2 n.d. 
UCT5210 -17.4 -17.9 -18.4 n.d. 
UCT5213 -17.6 -17.2 -17.9 n.d. 
UCT5214 -18.4 -18.1 -18.6 n.d. 
UCT5215 -19.0 -18.7 -19.1 n.d. 
UCT7402 -15.5 n.d. n.d. n.d. 
UCT7412 -17.2 n.d. n.d. n.d. 
UCT1683 -25.0 -23.4 -23.0 n.d. 
UCT1744 -25.7 -22.2 -22.0 n.d. 
UCT1691 -26.1 n.d. n.d. n.d. 
UCT1756 -25.6 -22.4 -22.2 n.d. 
UCT1684 -24.2 n.d. n.d. n.d. 
UCT1093 -24.9 n.d. n.d. n.d. 
UCT1747A -21.8 
-21.0 -21.0 n.d. 
UCT1748 -22.0 
-20.8 -20.8 n.d. 
UCT1751 -21.6 
-19.9 -20.1 n.d. 
UCT1746 -17.3 
-18.8 -19.2 n.d. 
UCT1741A -18.4 n.d. n.d. n.d. 
UCT1750 -21.2 n.d. n.d. n.d. 
UCT7407 -10.8 n.d. n.d. n.d. 
UCT5668 -25.6 n.d. n.d. n.d. 
UCT5667 -24.1 n.d. n.d. n.d. 
UCT2100 -23.0 n.d. n.d. n.d. 
Seal UCT7454 -19.6 n.d. n.d. n.d. 
Seal UCT7475 -20.0 n.d. n.d. n.d. 
Whale UCT788 -16.8 n.d. n.d. n.d. 
Whale UCT1920 -17.2 n.d. n.d. n.d. 
Buffalo UCT5003 -17.0 n.d. n.d. n.d. 
Buffalo UCT5014 -15.4 n.d. n.d. n.d. 
Steenbok UCT2161 -21.6 n.d. n.d. n.d. 
Steenbok UCT2163 -21.6 n.d. n.d. n.d. 
Sheep UCT2137 -21.3 n.d. n.d. n.d. 
Sheep UCT2138 -21.6 n.d. n.d. n.d. 
Sheep UCT2141 -22.5 n.d. n.d. n.d. 
Rock Hyrax UCT61(1} -23.0 n.d. n.d. n.d. 
Rock Hyrax UCT61(2} -21.5 n.d. n.d. n.d. 
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Sample Skeleton Equation 4.9 Equation 4.10 Equation 4.11 Equation 4.12 Number 
Tortoise UCT2056 -27.8 n.d. n.d. n.d. 
Tortoise UCT2057 -27.0 n.d. n.d. n.d. 
Tortoise UCT3382 -24.5 n.d. n.d. n.d. 
Tortoise UCT3383 -24.3 n.d. n.d. n.d. 
GroupC MK8_54 -24.8 -22.0 -21.8 -17.8 
MK8-55 -22.4 -21.2 -21.2 -18.5 
MKS-56 -24.5 -22.4 -22.2 -19.0 
MK8-57 -23.6 -20.9 -20.9 -17.3 
MK8-58 -25.6 -22.8 -22.5 -19.1 
TB12-4 -29.S -19.1 -19.5 -19.2 
TB12-6 -26.5 -20.1 -20.3 -19.3 
TB12-139 -25.3 n.d. n.d. -14.9 
TB12-164 -20.0 n.d. n.d. 
-17.1 
TB12-169 -26.5 n.d. n.d. 
-15.9 
TU2-207 -24.3 -17.S -18.4 -15.6 
UU1A -20.7 n.d. n.d. 
-10.9 
UU1B -28.9 n.d. n.d. 
-20.7 
UU1C -22.9 n.d. n.d. 
-15.8 
UU3-14 -15.9 n.d. n.d. 
-13.6 
Sheep TB12-139 -23.0 n.d. n.d. n.d. 
Cow TB12-14 -23.3 n.d. n.d. n.d. 
Chicken MK7-102 -24.0 n.d. n.d. n.d. 
Chicken TB12-201 -25.5 n.d. n.d. n.d. 
Sykes monkey TU7-720 -26.5 n.d. n.d. n.d. 
Dugong MK7-122 -21.6 
-10.7 -12.5 1.1 
Group D 
Seal ion 02 -18.3 n.d. n.d. n.d. 
Seal ion 038 -29.2 n.d. n.d. n.d. 
Salmon 042 -18.6 n.d. n.d. n.d. 
Salmon 041 -22.1 n.d. n.d. n.d. 
Deer 01 -29.7 n.d. n.d. n.d. 
Deer 016 -26.8 n.d. n.d. n.d. 
Deer 025 -28.9 n.d. n.d. n.d. 
Dog 03 -20.1 n.d. n.d. n.d. 
Dog 04 -17.8 n.d. n.d. n.d. 
Dog 06 -17.6 n.d. n.d. n.d. 
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Table A4.4. Predicted short-term whole diet S13C values from Equations 4.13 (Chapter 3), and 4.14 
(Chapter 3), and predicted dietary protein S13C values from Equations 4.15 (Tieszen and Fagre, 
1993) and 4.16 (Jim, 2000), for Groups A-D. 
Sample Skeleton Equation 4.13 Equation 4.14 Equation 4.15 Equation 4.16 Number 
Group A SOO02 -21.8 -22.3 -24.2 -27.3 
Males SOO04 -21.3 -21.8 -24.9 -28.6 
SOO07 -21.9 -22.5 -23.0 -25.9 
SOO09 -20.6 -21.0 -25.4 -29.6 
SOO17 -22.3 -22.9 -24.3 -28.0 
S0028 -20.2 -20.6 -24.1 -27.7 
S0030 -21.6 -22.1 -23.4 -26.3 
50032 -23.8 -24.5 -24.9 -28.7 
50034 -19.9 -20.3 -25.2 -29.5 
50037 -22.4 -22.9 -24.9 n.d. 
50049 -23.3 -23.9 -23.5 -35.5 
51016 -21.1 -21.5 -23.3 -25.4 
51023 -18.8 




Females 50003 -21.0 -21.5 -23.7 n.d. 
50010 -23.1 
-23.7 -23.9 n.d. 
50036 -20.8 -21.2 -23.7 -26.8 
50041 -21.1 
-21.5 -24.3 -27.8 
50043 
-20.6 




































-21.2 -25.5 -30.2 
50066 -22.7 
-23.3 -24.1 -28.1 
Juveniles 51022 -17.9 



























-23.2 n.d. n.d. 
51036 -18.7 
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Sample Skeleton Equation 4.13 Equation 4.14 Equation 4.15 Equation 4.16 Number 
S1058 -20.8 -21.2 -22.4 -27.1 
S1009 -21.5 -22.0 
-23.6 -26.4 
S1038 -17.2 -17.3 -23.0 -17.4 
GroupB UCT5234 n.d. n.d. -15.2 -16.5 
UCT5217 n.d. n.d. 
-14.6 -19.1 
UCT5181 n.d. n.d. 
-17.5 n.d. 
UCT5605 n.d. n.d. 
-20.6 -23.7 
UCT5200 n.d. n.d. -20.2 -21.9 
UCT5180 n.d. n.d. -19.8 n.d. 
UCT5185 n.d. n.d. -19.2 -17.6 
UCT5233 n.d. n.d. -15.0 -18.1 
UCT5210 n.d. n.d. 
-15.5 -16.3 
UCT5213 n.d. n.d. 
-14.0 -16.4 
UCT5214 n.d. n.d. -14.5 -16.4 
UCT5215 n.d. n.d. 
-14.7 n.d. 
UCT7402 n.d. n.d. 
-11.8 n.d. 
UCT7412 n.d. n.d. 
-14.0 -23.9 
UCT1683 n.d. n.d. 
-21.6 -21.5 
UCT1744 n.d. n.d. 
-19.5 n.d. 
UCT1691 n.d. n.d. 
-20.8 -21.5 
UCT1756 n.d. n.d. 
-19.6 n.d. 
UCT1684 n.d. n.d. 
-21.2 n.d. 
UCT1093 n.d. n.d. 
-22.8 -16.0 
UCT1747A n.d. n.d. 
-15.4 -16.5 
UCT1748 n.d. n.d. 
-15.6 -15.7 
UCT1751 n.d. n.d. 
-14.7 -14.5 
UCT1746 n.d. n.d. 
-13.5 n.d. 
UCT1741A n.d. n.d. 
-13.5 n.d. 
UCT1750 n.d. n.d. 
-14.8 n.d. 
UCT7407 n.d. n.d. 
-7.9 n.d. 
UCT5668 n.d. n.d. 
-22.4 n.d. 
UCT5667 n.d. n.d. 
-22.5 n.d. 
UCT2100 n.d. n.d. 
-19.4 n.d. 
Seal UCT7454 n.d. n.d. 
-13.7 n.d. 
Seal UCT7475 n.d. n.d. 
-14.2 n.d. 
Whale UCT788 n.d. n.d. 
-15.9 n.d. 
Whale UCT1920 n.d. n.d. 
-15.5 n.d. 
Buffalo UCT5003 n.d. n.d. 
-15.6 n.d. 
Buffalo UCT5014 n.d. n.d. 
-12.8 n.d. 
Steenbok UCT2161 n.d. n.d. 
-21.6 n.d. 
Steenbok UCT2163 n.d. n.d. 
-21.7 n.d. 
Sheep UCT2137 n.d. n.d. 
-20.0 n.d. 
Sheep UCT2138 n.d. n.d. 
-21.6 n.d. 
Sheep UCT2141 n.d. n.d. 
-22.2 n.d. 
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Sample Skeleton Equation 4.13 Equation 4.14 Equation 4.15 Equation 4.16 Number 
Rock Hyrax UCT61(1) n.d. n.d. -23.2 n.d. 
Rock Hyrax UCT61 (2) n.d. n.d. -22.5 n.d. 
Tortoise UCT2056 n.d. n.d. -26.4 n.d. 
Tortoise UCT2057 n.d. n.d. -26.2 n.d. 
Tortoise UCT3382 n.d. n.d. -24.9 n.d. 
Tortoise UCT3383 n.d. n.d. -25.0 -18.9 
Group C MK8_54 -19.0 -19.3 -17.7 -20.7 
MK8-55 -19.6 -20.0 -18.6 -20.4 
MK8-56 -20.1 -20.5 -18.8 -17.6 
MK8-57 -18.6 -18.9 -16.3 -20.1 
MK8-58 -20.2 -20.6 -18.8 -23.1 
TB12-4 -20.2 -20.6 -19.4 -21.2 
TB12-6 
-20.3 -20.7 -18.5 n.d. 
TB12-139 
-16.5 -16.6 -19.2 n.d. 
TB12-164 
-18.4 -18.6 -17.3 n.d. 
TB12-169 
-17.4 -17.5 -20.2 -18.2 
TU2-207 
-17.1 -17.2 -15.5 n.d. 
UU1A 
-12.9 -12.7 -13.0 n.d. 
UU1B 
-21.6 -22.1 -24.2 n.d. 
UU1C 
-17.3 -17.5 -17.5 n.d. 
UU3-14 
-15.4 -15.4 -17.9 n.d. 
Sheep TB12-139 n.d. n.d. 
-12.6 n.d. 
Cow TB12-14 n.d. n.d. 
-14.0 n.d. 
Chicken MK7-102 n.d. n.d. 
-19.4 n.d. 
Chicken TB12-201 n.d. n.d. 
-17.6 n.d. 
Sykes monkey TU7-720 n.d. n.d. 
-22.9 -5.2 
Ougong MK7-122 -2.5 -1.4 -4.0 n.d. 
Group 0 
Sealion 02 n.d. n.d. 
-15.0 n.d. 
Seal ion 038 n.d. n.d. 
-17.7 n.d. 
Salmon 042 n.d. n.d. -17.2 n.d. 
Salmon 041 n.d. n.d. -19.0 n.d. 
Deer 01 n.d. n.d. -25.8 n.d. 
Deer 016 n.d. n.d. -25.2 n.d. 
Deer 025 n.d. n.d. -25.8 n.d. 
Dog 03 n.d. n.d. -15.1 n.d. 
Dog 04 n.d. n.d. 
-15.0 n.d. 
Dog 06 n.d. n.d. -15.8 n.d. 
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Table A4.S. Predicted dietary protein 8'3C values from Equations 4.17 (Jones, 2002), predicted 
dietary energy 8'3C values from Equations 4.18 (Jim, 2000) and Equation 4.19 (Jones, 2002), and 
predicted bone collagen 8'3C values from Equation 4.20 (Jones, 2002), for Groups A-D. 
Sample Skeleton Equation 4.17 Equation 4.18 Equation 4.19 Equation 4.20 Number 
Group A 50002 -27.5 -23.0 -37.2 -20.3 
Males 50004 -31.8 -22.2 -30.7 -19.3 
50007 -33.4 -22.6 -25.1 -19.1 
50009 -31.4 -20.9 -28.3 -19.7 
50017 -30.6 -21.7 -27.6 -17.3 
50028 -29.9 -21.7 -27.2 -16.6 
50030 -31.2 -22.9 -31.8 -18.1 
50032 -29.3 -21.8 -32.0 -16.3 
50034 -31.7 -20.7 -23.7 -18.2 
50037 -31.1 n.d. -22.2 -16.7 
50049 -32.0 -0.7 -27.6 -15.4 
51016 -30.8 -24.9 -35.0 -20.6 
51023 -31.7 -24.4 -31.7 -19.1 
51033 -30.2 -23.6 -30.8 -18.0 
Females 50003 -30.8 n.d. -25.5 -17.9 
50010 -29.9 n.d. -24.7 -18.2 
50036 -29.6 -22.4 -25.4 -16.4 
50041 -30.9 -22.1 -26.7 -18.1 
50043 -31.9 -20.2 -23.5 -18.3 
50048 -31.2 -23.6 -30.1 -17.4 
50052 -31.6 n.d. -23.4 -14.8 
50058 -30.7 -22.9 -26.3 -17.3 
50061 -30.2 -21.5 -27.4 -18.8 
50069 -31.3 -21.3 -27.8 -18.2 
50071 -28.7 -22.7 -24.7 -16.4 
50078 -30.6 -22.4 -33.1 -17.1 
50079 -32.7 -21.1 -25.6 -18.1 
51017 -33.2 -25.5 -30.0 -18.6 
50046 -30.2 -19.9 -29.5 -16.2 
50066 -32.6 -20.8 -26.5 -18.8 
Juveniles 51022 -30.1 -20.2 -28.0 -17.6 
50027 -35.4 -20.6 -23.3 -17.1 
50088 -31.8 -21.7 -25.1 -15.9 
51003 -35.4 -22.4 -21.6 -16.7 
51005 -30.4 -20.7 -21.2 -16.9 
51006 -33.1 -20.6 -23.0 -17.4 
51020 -30.0 -23.3 -26.3 -16.8 
51022 -32.0 -20.1 -36.3 -18.8 
51025 -27.5 n.d. -26.8 -15.2 
51036 -30.2 n.d. -28.4 -16.1 
51040 -36.5 -21.0 -25.6 -17.2 
51048 -29.8 -21.4 -24.4 -15.9 
51058 -39.3 -23.2 -22.4 -17.6 
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Sample Skeleton Equation 4.17 Equation 4.18 Equation 4.19 Equation 4.20 Number 
51009 -31.1 -21.6 -36.0 -18.7 
51038 -30.0 -21.4 -27.3 -5.0 
GroupB UCT5234 -18.9 -19.0 -17.6 -3.8 
UCT5217 -18.0 -19.1 -17.3 -9.5 
UCT5181 -23.2 -22.0 -20.7 -10.9 
UCT5605 -24.1 n.d. -22.3 -13.4 
UCT5200 -28.6 -19.2 -22.2 -10.8 
UCT5180 -25.1 -22.3 -23.7 -9.9 
UCT5185 -23.2 n.d. -24.9 -7.6 
UCTS233 -21.1 -17.9 -17.1 -7.3 
UCTS210 -22.4 -18.1 -16.2 -7.2 
UCT5213 -21.3 -17.9 -16.7 -7.6 
UCTS214 -21.1 -19.0 -17.7 -9.1 
UCT5215 -20.4 -19.8 -18.7 -S.6 
UCT7402 -18.9 n.d. -14.6 -7.2 
UCT7412 -21.4 n.d. -16.2 -11.6 
UCT1683 -26.5 -23.1 -24.6 -15.4 
UCT1744 -24.9 -22.3 -26.0 -11.2 
UCT1691 -25.6 n.d. -26.3 -12.0 
UCT1756 -26.6 -22.6 -25.3 -11.6 
UCT1684 -25.9 n.d. -23.7 -13.0 
UCT1093 -30.5 n.d. -23.S -10.3 
UCT1747A -24.2 -22.8 -21.2 -11.8 
UCT1748 -22.S -22.3 -21.9 -12.1 
UCT1751 -22.2 -21.5 -21.S -9.4 
UCT1746 -18.7 -20.6 -17.0 -6.3 
UCT1741A -20.1 n.d. -17.9 -9.0 
UCT1750 -23.1 n.d. -20.7 -3.1 
UCT7407 -14.2 n.d. -9.9 -12.2 
UCT5668 -27.2 n.d. -25.2 -12.9 
UCT5667 -27.3 n.d. -23.3 -11.1 
UCT2100 -27.4 n.d. -22.0 -9.5 
Seal UCT7454 -22.5 n.d. -18.8 -9.1 
Seal UCT747S -22.0 n.d. -19.4 -7.4 
Whale UCT788 -22.3 n.d. -15.4 -11.1 
Whale UCT1920 -25.8 n.d. -15.0 -6.6 
Buffalo UCTS003 -20.0 n.d. -16.2 -7.S 
Buffalo UCTS014 -19.2 n.d. -14.4 -11.6 
Steenbok UCT2161 -26.1 n.d. -20.5 -11.1 
Steenbok UCT2163 -26.1 n.d. -20.5 -10.8 
Sheep UCT2137 -23.7 n.d. -20.7 -11.1 
Sheep UCT2138 
-25.8 n.d. -20.6 -13.3 
Sheep UCT2141 
-28.5 n.d. -21.0 -11.9 
Rock Hyrax UCT61(1) 
-27.4 n.d. -22.0 -11.4 
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Sample Skeleton Equation 4.17 Equation 4.18 Equation 4.19 Equation 4.20 Number 
Rock Hyrax UCT61 (2) -25.8 n.d. -20.5 -16.4 
Tortoise UCT2056 -30.5 n.d. -27.1 -14.2 
Tortoise UCT2057 -31.4 n.d. -25.9 -14.0 
Tortoise UCT3382 -28.2 n.d. -23.6 -10.4 
Tortoise UCT33B3 -27.9 n.d. -23.5 -11.6 
Group C MKB_54 -23.4 -23.0 -25.2 -10.9 
MKB-55 -24.0 -21.5 -22.0 -10.5 
MKB-56 -24.2 -23.1 -24.6 -11.4 
MKB-57 -23.7 -22.1 -23.6 -14.4 
MKB-5B -25.3 -23.7 -25.6 -12.6 
TB12-4 -2B.0 -17.9 -30.2 -13.5 
TB12-6 -25.7 -19.9 -26.7 -11.6 
TB12-139 -25.5 n.d. -25.2 -13.6 
TB12-164 -23.9 n.d. -19.0 -10.1 
TB12-169 -26.4 n.d. -26.5 -B.2 
TU2-207 -22.1 -1B.0 -24.9 -19.6 
UU1A -20.B n.d. -20.7 -B.4 
UU1B -33.4 n.d. -27.B -B.9 
UU1C -23.4 n.d. -22.7 -9.0 
UU3-14 -25.9 n.d. -13.4 -B.3 
Sheep TB12-139 -22.5 n.d. -23.2 -12.4 
Cow TB12-14 -22.4 n.d. -23.5 -12.3 
Chicken MK7-102 -24.7 n.d. -23.8 -16.1 
Chicken TB12-201 -23.8 n.d. -25.9 2.0 
Sykes monkey TU7-720 -28.9 n.d. -25.9 -9.8 
Ougong MK7-122 -13.8 -13.6 -23.6 -14.7 
GroupO 
Sealion 02 -23.1 n.d. -17.1 -12.6 
Sealion 038 -24.7 n.d. -30.3 -13.6 
Salmon 042 -25.5 n.d. -16.B -19.1 
Salmon 041 -28.3 n.d. -20.6 -20.0 
Deer 01 -31.1 n.d. -29.3 -19.2 
Deer 016 -30.5 n.d. -25.8 -9.5 
Deer 025 -29.8 n.d. -28.7 -10.1 
Dog 03 -22.8 n.d. -19.5 -9.5 
Dog 04 -23.2 n.d. -16.5 -10.1 
Dog 06 -24.5 n.d. -15.9 -10.0 
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Sample Skeleton Number Equation 4.21 
51038 -17.1 






























Seal UCT7454 -9.5 
Seal UCT7475 -9.8 
Whale UCT788 -6.8 
Whale UCT1920 -7.2 
Buffalo UCT5003 -7.0 
Buffalo UCT5014 -5.5 
Steenbok UCT2161 -11.4 
5teenbok UCT2163 -11.4 
Sheep UCT2137 
-11.0 
Sheep UCT2138 -11.4 
Sheep UCT2141 
-12.2 
Rock Hyrax UCT61(1 ) -12.7 
Rock Hyrax UCT61 (2) -11.3 
Tortoise UCT2056 -17.1 
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Sample Skeleton Number Equation 4.21 
Tortoise UCT2057 -16.3 
Tortoise UCT33B2 -14.1 
Tortoise UCT33B3 -13.9 















Sheep TB12-139 -12.7 
Cow TB12-14 -12.9 
Chicken MK7-102 -13.5 
Chicken TB12-201 -14.9 
Sykes monkey TU7-720 -15.9 
Ougong MK7-122 -11.4 
Group D 
Sea lion 02 -B.2 
Sea lion 038 -18.4 
Salmon 042 -B.5 
Salmon 041 -11.8 
Oeer 01 -1B.B 
Oeer 016 -16.2 
Oeer 025 -18.2 
Oog 03 -10.0 
Oog 04 -7.8 
Oog 06 -7.6 
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Appendix S Bone Component Yields for Sedaeford Population 
Table AS.1. Bone collagen, apatite and cholesterol yields, and collagen C/N ratiOS, for 5edgeford 
population. Bone collagen and apatite yields are expressed as a percentage and cholesterol is 
expressed in ,....g g-1. 
Sedgeford Sample Collagen (%) Collagen C/N Apatite (%) Cholesterol (JIg g-1) 
ratio 
Males 50002 3.0 3.4 62.9 9.4 
50004 1.1 3.5 65.0 15.7 
50007 2.0 3.3 61.2 10.9 
50009 2.0 3.4 69.3 10.4 
50017 0.5 3.5 69.3 3.7 
50028 2.4 3.5 64.9 9.4 
50030 1.5 3.2 69.5 13.5 
50032 4.5 3.2 69.3 10.9 
50034 0.7 3.6 55.8 12.9 
50037 1.8 3.5 69.6 11.4 
50049 2.3 3.4 53.8 8.8 
51016 2.2 3.5 57.4 13.2 
51023 1.2 3.2 53.4 9.8 
51033 2.0 3.3 63.6 18.4 
Female 50003 1.9 3.6 60.5 5.6 
50010 2.5 3.6 53.9 11.8 
50036 2.5 3.4 49.6 11.1 
50041 4.0 3.4 55.1 9.0 
50043 2.3 3.6 60.0 6.0 
50048 1.8 3.3 39.7 11.2 
50052 2.2 3.3 53.0 7.3 
50058 4.4 3.5 62.0 8.7 
50061 5.3 3.5 67.8 8.4 
50069 5.5 3.5 54.6 13.4 
50071 4.0 3.3 63.2 4.4 
50078 4.5 3.5 50.0 7.0 
50079 3.6 3.2 63.7 9.5 
51017 3.6 3.4 60.6 8.8 
50046 1.8 3.3 68.2 18.0 
50066 5.5 3.4 68.4 13.4 
Juvenile 51022 2.8 3.3 31.1 6.3 
50027 2.0 3.5 61.3 9.5 
50088 2.6 3.4 52.0 6.3 
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Sedgeford Sample Collagen (0/0) Collagen C/N Apatite (0/0) Cholesterol (1l9 g"1) 
ratio 
81003 2.0 3.4 54.5 15.9 
81005 2.7 3.3 65.1 4.2 
81006 1.3 3.4 46.8 5.2 
81020 1.8 3.4 59.1 2.3 
81022 2.5 3.3 46.8 2.2 
81025 1.8 3.6 61.3 6.8 
81036 2.1 3.3 59.0 2.1 
81040 1.2 3.3 36.0 1.4 
81048 1.3 3.3 53.8 1.8 
81058 0.9 3.3 65.3 2.7 
81009 1.7 3.3 55.1 5.8 
81038 1.4 3.3 60.7 2.0 
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Table A5.2. Bone cholesterol yields for Sedgeford faunal species, expressed in Ilg g.1. 
Species Reference Bone cholesterol concentration (JIg g.1) 






Pig S1 3.1 
S2 1.8 
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Appendix 6 Cholesterol a1lc Values of Sedgeford Faunal Bones 
Table A6.1. Cholesterol o13C values of faunal bones from Sedgeford. 
Species Reference Cholesterol a13c value (%0) 






Pig S1 -29.2 
S2 -29.9 
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Table A7.1. Background information on human samples from the Cape region of South Africa. 
UCT Number Accession Number Location Collagen C/N ratio 
Southern Cape 
UCT5234 NMB 1704 Plettenberg Bay 3.2 
UCT5217 UCT67 East of Wilderness 3.3 
UCT5181 SAM-AP 1163(B) Drury's Cave 3.3 
UCT5605 A1186 Whitchers Cave 2.9 
UCT5200 SAM-AP4292 van der Walt's Cave 3.4 
UCT5180 SAM-AP 1163(A) Drury's Cave 3.3 
UCT5233 NMB 1640 Robberg 3.1 
UCT5210 SAM-AP 1871 Robberg Cave D 3.3 
UCT5213 SAM-AP 1879 Robberg 3.3 
UCT5214 SAM-AP 1889 Robberg Cave E 3.2 
UCT7407 Not accessioned Matjes River 3.1 
UCT5185 SAM-AP 4212 Drury's Cave 3.3 
UCT5215 SAM-AP 1893 Robberg 3.3 
UCT7402 NMB SN4 Indiv "Aft Matjes River 3.3 
UCT7412 NMB skeleton # 5 Matjes River 3.1 
Western Cape 
UCT1683 SAM-AP 5041 Melkbosch 3.4 
UCT1744 SAM-AP 5034 Hout Bay 3.2 
UCT1691 SAM-AP4637 Gordons Bay 3.3 
UCT1756 SAM-AP 6221 Ysterfontein 3.2 
UCT1093 UCT 333 Klipfonteinrand 3.5 
UCT5668 SAM-AP 6315 Watervalsrivier 3.2 
UCT1747A SAM-AP 4304(A) Noordhoek 3.2 
UCT1748 SAM-AP4305 Noordhoek 3.3 
UCT1751 SAM-AP4309 Noordhoek 3.2 
UCT1746 SAM-AP 5075 Cape Point 3.3 
UCT1684 SAM-AP 5040 Bokbaai 3.4 
UCT5667 Re-buried Eland's Cave 3.4 
UCT1741A SAM-AP 4203A Kommetjie 3.3 
UCT1750 SAM-AP 4308 Noordhoek 3.2 
UCT2100 UCT 437 Kasteelberg 3.2 
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Table A7.2. Background information on faunal samples from the Cape region of South Africa. 
UCT Number Species Location Col/agen C/N ratio 
UCT5003 Buffalo Nelson Bay Cave 3.3 
UCT5014 Buffalo Nelson Bay Cave 3.2 
UCT2137 Sheep Kasteelberg 3.0 
UCT2138 Sheep Kasteelberg 3.1 
UCT2141 Sheep Kasteelberg 3.2 
UCT2161 Sleenbok Elands Bay Cave 3.2 
UCT2163 Steenbok Elands Bay Cave 3.0 
UCT61(1) Rock hyrax Elands Bay Cave 3.3 
UCT61 (2) Rock hyrax Elands Bay Cave 3.3 
UCT3382 Tortoise Elands Bay Cave 3.2 
UCT3383 Tortoise Elands Bay Cave 3.1 
UCT2056 Tortoise Oakhurst 3.2 
UCT2057 Tortoise Oakhurst 3.2 
UCT7454 Seal Nelson Bay Cave 3.1 
UCT7457 Seal Nelson Bay Cave 3.1 
UCT788 Whale Modern 3.6 
UCT1920 Whale Modern n.d. 
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